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INTRODUCTION 
 
Many experimental and theoretical studies have been devoted to magnetic materials with 
competing inter- and intrasublattice antiferromagnetic (AF) interactions. Such materials 
exhibit strong deviations from the normal antiferromagnetic or ferrimagnetic order.  
Those competing interactions evoke so-called frustrations that give in the first place rise 
to long-range triangular structures as was shown in mid former century by Yafet and 
Kittel. However, when one or more sublattices are magnetically diluted other more 
complicated or random magnetic structures may occur. New spin-canting features were 
elucidated and later on, a localized canting model for YIG was introduced in which the 
local canting of the spins in one sublattice is governed by the presence of neighbouring 
diamagnetic (or magnetic) ions on the other. This mean-field model has further been 
extended or modified in order to coop better with the results of magnetic measurements 
on different YIG and spinel compounds.  
In spinel compounds AB2O4 the cations on the octahedral (B) sites form corner sharing 
tetrahedra. This is a 3-dimensional extension of the triangular Kagomé lattice and 
therefore frustration is basically always present in the case of antiferromagnetic 
interactions on the B sites leading to a degenerated state. When the tetrahedral sites (A) 
are fully occupied by magnetic cations or slightly magnetically diluted, the degeneracy is 
raised by a uniform A-B interaction resulting in a triangular Yafet-Kittel arrangement on 
the B sites. When, on the other hand, the A sites contain only a low amount of magnetic 
cations, the introduced topological disorder and the frustration due to the B-B and A-B 
antiferromagnetic interactions lead to so-called spin-glass (SG) behaviour as has been 
reported for many spinel compounds which are strongly magnetically diluted by Mg, Zn 
and Ti. In such a spin-glass, which was originally discovered in magnetically doped 
alloys, the spins freeze below a certain temperature in random directions. 
In the intermediate region of magnetic dilution a regime with so-called localized canting 
states (LCS) appears. In 1979 it was theoretically shown that the LCS results in what is 
called a semi spin-glass behaviour for which a longitudinal ferro- or ferrimagnetic 
component coexists with transverse spin-glass behaviour. This behaviour is now usually 
catalogued as a re-entrant spin-glass because in the ferrimagnetic state there is at low 
temperatures a spin-glass transition for which the transverse spin component freezes in 
random directions. Re-entrant spin-glass states have been observed in many spinel 
compounds such as Co2TiO4, Co0.5Zn0.5Fe2O4, Mg1+xFe2-2xTixO4 (x < 0.7), 
Li1.125Ti1.25Fe0.625O4, Mg1-xZnxFe1.5Cr0.5O4 (x < 0.75), MgFe2-xCrxO4 (x < 1.3), 
Ga0.8Fe0.2NiCrO4, Mg1.55Fe0.9Ti0.55O4, ZnxNi1-xFeCrO4  (x = 0.6, 0.8) and 
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Zn0.75Co0.25Fe0.5Cr1.5O4. For spinel compounds the boundary between LCS (re-entrant 
SG) and SG behaviour is governed by the AB percolation threshold, i.e. the 
concentration at which magnetic AB connections exist through the whole crystal. Such 
thresholds can for instance be determined using Monte-Carlo calculations. The published 
results from magnetic and Mössbauer measurements on many series of magnetically 
diluted spinels allowed to introduce phase diagrams showing paramagnetic, SG, LCS, 
antiferromagnetic and ferrimagnetic regions as a function of the A-site and B-site 
magnetic concentrations.  
On the other hand, magnetically diluted spinels were also reported to exhibit a 
superparamagnetic (SP) behaviour due to the existence of small magnetic clusters in the 
spinel lattice. In 1962 the presence of superparamagnetism in bulk Zn1-xNixFe2O4 was 
already evoked from magnetic measurements. This cluster behaviour was further 
confirmed using Mössbauer spectroscopy and neutron diffraction on the compound 
Zn0.8Ni0.2Fe2O4.  Similar SP cluster effects were also observed in the system Mg-Ti 
ferrites from Mössbauer measurements and in Li-Ti ferrites from neutron scattering.  
After the spin-glass behaviour in magnetically diluted spinels was recognized the idea of 
superparamagnetic effects and clusters still remained to explain the observed magnetic 
features. A localized canting model could explain the Mössbauer spectra of 
Zn0.75Ni0.25Fe2O4 at low temperatures, but also a SP behaviour is still observed up to 
250K. Also, in  the re-entrant Li1.125Ti1.25Fe0.625O4 the (super)paramagnetic component 
prevented to explain the observed magnetic features of this diluted spinel on the basis of 
the LCS model. The occurrence of magnetic clusters was further reported for various re-
entrant SG systems and one generally named these systems as “cluster” spin-glasses.  
In order to gain some insight in this controversial problem, we have concentrated our 
work on some new spinel compounds with general formula Mg+x-yFe2(1-x)NiyTixO4 with 
 x = 0.5, 0.6, 0.7 and y varying from 0.1 to 0.3. The Ni2+ was introduced with the aim to 
resolve better the contributions of both spinel sublattices in the Mössbauer spectra. 
Special attention has been paid to the preparation procedures in order to investigate if the 
latter play a role in the magnetic properties of the obtained materials. Because each 
sample required many measurements, especially down to low temperatures and also in 
external high superconductor magnetic fields, we restricted ourselves to the study of the 
compositions with y = 0.1. 
Apart from the X-ray diffraction used for structural characterization of the materials, 
Mössbauer spectroscopy has been the main applied technique in the study of these iron-
containing materials. As shown in this work this method will allow us to obtain a 
complete picture of the magnetic behaviour in this (Mg,Fe,Ni,Ti)3O4 spinel series.  
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Chapter I 
Mössbauer spectroscopy 
 
I.1. THEORETICAL BACKGROUND 
I.1.1 Introduction 
 
Mössbauer spectroscopy is a well established technique that can be used to provide 
valuable information for the characterization of synthetic and natural Fe containing 
materials in many areas of science, such as physics, chemistry, biology, geology and 
metallurgy. It can give very precise information about the chemical, structural, electrical, 
and magnetic properties of a material. It is based on the Mössbauer effect, which is the 
recoilless resonant absorption of γ-rays by nuclei in a solid. This was discovered by 
Rudolf Mössbauer who first observed the effect in 1957 and received the Nobel Prize in 
Physics in 1961 for his work. The Mössbauer effect has now been detected in about 72 
isotopes, but with 57Fe being the most widely used. The probability of such a recoilless 
event known as the recoilless fraction or the f-factor depends on the γ-ray energy, 
temperature, and the vibrational properties of the solid in which the Mössbauer active 
nucleus is placed. In general, the recoilless emission and absorption is optimized for a 
low energy γ-ray with the nucleus tightly bound in a crystal lattice. The sharpness of the 
recoilless γ-ray energy is defined by the lifetime of the excited nuclear state through the 
Heisenberg uncertainty principle. Normally, the spread in energy, defined as the full 
width at half maximum intensity, is smaller in magnitude than the relatively weak 
interactions, so-called hyperfine interactions, between the nucleus and the surrounding 
charges and magnetic moments. Therefore, these interactions can be well observed in 
Mössbauer spectroscopy and are used to determine structural and magnetic properties of 
the solid. In what follows we go somewhat deeper in the background of the Mössbauer 
effect. For further reading, see the books listed in the bibliography. 
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I.1.2. Resonant absorption of radiation 
The decay of a quantized system from a high energy level to a lower level can occur via 
emission of electromagnetic radiation. If the emitted photon with a certain energy is 
incident on another atom of the same element in the ground state, there is some 
probability that it will be re-absorbed by that atom. This absorption will raise that atom to 
the excited state with the same energy level as that of the emitting atom, this type of 
absorption is called resonance absorption as illustrated in Figure I.1.  
 
Fig. I.1. Schematic representation of resonant absorption. 
The quantum requirement that the photons will give raise to resonant absorption is that 
the energy loss Er of the emitted photons is very small. Such an energy loss results from 
the recoil of the radiating species (much like a gun will recoil if a bullet is fired). From 
the conservation of momentum and energy, the recoil energy is given by the expression   
 
2
22r
E
E
Mc
= γ  (I.1) 
with Eγ the gamma-ray energy, c velocity of light and M the atomic mass. 
On the other hand the emitted photons are not monoenergetic, but show an energy 
distribution according to a Lorentizian profile. 
  
( )
( ) ( )
2
0
2 2
0 0
2
( )
2
W E
E E
Γ= − + Γ  (I.2) 
where E0 is the center of the emission line. The natural linewidth Γ0 is defined by the 
Heisenberg uncertainty principle  
 0 2
hΓ = πτ  (I.3) 
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in which Γ0 = ΔE stands for the full width at half maximum (FWHM).  
In the case of atomic transitions, recoil energies are small compared with natural line 
widths. For this reason, there is a high probability of resonant absorption in atomic 
transitions which is proportional to the overlap of the distributions of the emission and 
absorption energies. The resonant absorption is shown by the shaded area Fig.I.2.   
 
Fig. I.2. Resonant absorption as the overlap of the emission and absorption energy.  
 
It could at first sight be expected that this resonant effect will also occur in the case of 
nuclei. But, in nuclear transitions, however, the emitted radiation consists of gamma rays 
with energies of the order 104-105 eV which are much higher than in the atomic case. 
Consequently, recoil energies of the nucleus (in the free atom) are of the order 10-1 eV in 
emission and absorption which is several orders of magnitude larger than the natural line 
width of the γ-rays, the latter laying in the range 10-9-10-6 eV. A superposition or overlap 
of the emission and absorption profiles is thus a priori not possible at all, and cannot lead 
to resonance as illustrated in Fig.I.3 where the distributions of the emission and 
absorption energies are separated by twice the recoil energy.  
Many attempts were made to compensate for this high recoil energy in both the source 
and absorber (2Er). For instance, by giving the atoms supersonic speeds or by high-
temperature heating the energy distribution could be shifted or broadened through the 
Doppler effect resulting in a small overlap between emission and absorption profile. In 
this way a weak resonant absorption could be obtained. Unfortunately, this procedure 
could not lead to useful applications and was further abandoned 
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Fig. I.3. The shift in the emission and absorption energy distribution of a γ-ray  
from the nuclear transition energy E0 by amount Er 
I.1.3. Nuclear resonant absorption: the Mössbauer effect                   
In 1957, Rudolf Mössbauer discovered the occurence of a nuclear resonance in 191Ir 
which surprisingly increased by cooling. He concluded from his experiments that there 
exists a probability of resonant absorption if the nuclei, and thus the atoms, are tiedly 
bound into a crystal lattice. In this way the whole lattice mass is involved and not that of 
the free atom. Because the mass of the latice is of the order 1020 larger than that of the 
atom, this will reduce the recoil energy with the same order resulting in an almost 
complete overlap of the emitting and absorbing energy. However, because atoms are in 
fact not rigidly bound in the lattice, but undergo quantized lattice vibrations only a part 
of the radiation will be resonantly absorbed. This part is called recoilless fraction (or 
Lamb-Mössbauer factor). In the Debye approximation of the lattice vibrations the 
fraction can be written as 
 
2
0
6 1exp
4 1
D
r T
y
B D D
E T ydyf
k e
Θ⎡ ⎤⎧ ⎫⎛ ⎞− ⎪ ⎪⎢ ⎥= +⎨ ⎬⎜ ⎟Θ Θ −⎢ ⎥⎝ ⎠⎪ ⎪⎩ ⎭⎣ ⎦
∫  (1.4) 
where kB is Boltzman constant, and ΘD is the so-called Debye temperature. It can in 
different temperature regions be approximated by   
 
2 2
2
3exp
2
r D
B D
Ef
K T
⎡ ⎤⎧ ⎫− Θ= +⎢ ⎥⎨ ⎬Θ⎢ ⎥⎩ ⎭⎣ ⎦
π
   for    T ≤ 0.3 ΘD   (1.4a) 
 2
6
exp r
B D
E Tf
K
⎡ ⎤−= ⎢ ⎥Θ⎣ ⎦
    for   T > 0.5 ΘD   (1.4b) 
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3
exp
2
r
B D
Ef
K
⎡ ⎤−= ⎢ ⎥Θ⎣ ⎦
   for  T ≈ 0       (1.4c)    
From these formulas it can be noticed that the recoilless fraction globally decreases 
exponentially with temperature and with the recoil energy. Furthermore, the recoilless 
fraction will through the Debye temperature ΘD also depend on the kind of material.    
It is clear that the Mössbauer effect will only be possible if the recoil energy and thus the 
gamma energy is relatively low. This is for instance the case in 57Fe with Eγ = 14,4 keV, 
so that resonant absorption is easily achieved at room temperature and above. For many 
other isotopes the Mössbauer effect is only obtained at very low temperatures.                                
I.1.4. Hyperfine interactions and parameters                   
So far, a Mössbauer spectrum would consist of a single absorption line corresponding to 
the emitting and absorbing nuclei being in identical environments. However, the 
environment of the nuclei in the sample will usually be different to that in the source.  
There are indeed all kinds of phenomena which influence the nuclear levels which are 
the so-called hyperfine interactions. Because the line width of the absorption is usually 
small, and even very small in the case of 57Fe, those hyperfine interactions can mostly be 
well resolved in the absorption spectra. In order to obtain a small energy scan for 
obtaining the different absorption lines the source is moved relatively to the absorber 
which according to the Doppler effect yields for the energy 
 E E v cγ=  (I.5) 
which is proportional to the applied velocity v. Therefore, the energy in a Mössbauer 
spectrum will conventionally be expressed in velocities (mm/s). In the case of 57Fe with 
Eγ = 14,4 keV this means that a velocity of 1 mm/s corresponds to an energy difference 
of 4.808 eV or 7.702 10-27 J. Because hyperfine interactions result in shifts and splitting 
of the lines, the corresponding hyperfine parameters are also mostly expressed in velocity 
units. 
I.1.4.1.  The isomer shift (δ) 
A first hyperfine interaction, called isomer shift, originates from the electric monopole 
interaction (Coulomb interaction) between the nuclear charge distributed over a finite 
volume and the electronic charge density over that volume at the nucleus itself. The 
probability density of the electrons at the origin r = 0 is in fact finite and results in an 
energy shift of the nuclear levels given by. 
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2
22 (0) ( )
3
E r r dr
π ψδ ρ= ∫  (I.6) 
where |ψ(0)|2 is the electron density at the nucleus, ρ(r) the electric charge density at the 
space coordinate r and dr a elemental volume. After integration it leads to  
         22 21 (0)
10 n eo
E Ze Rδ ψε=  (I.7)  
where Z is the charge of nucleus. Thus, the isomer shift depends upon the square of the 
radius Rn of the nucleus and upon the electron charge density at the location of the nucleus. 
In general, the radius of nucleus in the exited state (Re) differs from that in the ground state 
(Rg) yielding an energy difference ∆E between the ground state Eg and the excited state Ee 
given be  
          22 2 21 (0) ( )
10 s e go
E Ze R RψεΔ = −  (I.8) 
If the source and absorber are in the same chemical compounds the value |ψ(0)|2 is the 
same for both of them. In such a case the emission and absorption lines coincide. 
However, if the source and absorber are in different chemical states, the electron 
densities |ψs(0)|2s  and |ψs(0)|2a  will differ from each other leading to 
 22 2 21 (0) ( )
10s o s e gso
E E Ze R Rψε= + −  (I.9a)  
 22 2 21 (0) ( )
10a o s e gao
E E Ze R Rψε= + −    (I.9b) 
and absorption line is shifted with respect to emission line by          
 2 22 2 21 ( ) (0) (0)
10 e g s sa so
E Ze R R ⎡ ⎤= Δ = − −⎣ ⎦δ ψ ψε  (I.10a) 
This is called the isomer shift (δ) or center shift (CS) and it causes the centroid of the 
Mössbauer spectrum to be displaced from zero relative velocity between emitter and 
absorber (Fig I.4). Because Re and Rg do not differ so much, one usually put Re − Rg = δR 
and Re + Rg ≈ 2R leading to the well-known formula for the isomer shift 
 2 22 21 (0) (0)
5 s sa so
RE Ze R
R
⎡ ⎤= Δ = −⎣ ⎦
δδ ψ ψε  (I.10b) 
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The isomer shift δ is usually expressed in velocity units (mm/s) through the Doppler 
effect  
 
0
Ec
E
Δ=δ   (I.11)  
with c the speed of light in vacuum and E0 the gamma energy. The isomer shift of the 
absorber is always relative to that of the source, but, it is usually converted to the one 
relative to iron metal at room temperature. 
 
Fig. I.4. Energy shifts in source and absorber result in the isomer shift. 
The isomer shift reflecting the s-electron density at the nucleaus is influenced by 
electrons of higher shells through shielding effects. This mean that binding properties 
plays a role in the observed isomer shift. A more ionic binding character will lead to 
larger isomer shifts. Moreover, the influence of the 3d orbitals on the s-electron density 
will also alter the isomer shift. In this way, the isomer shift for Fe3+ (3s23p63d5) will be 
smaller than in the case of Fe2+ (3s23p63d6) yielding already a criterion for the 
determination of the oxidation state of iron. 
The isomer shift is also temperature dependent through the second order Doppler shift. 
This shift results from the relativistic Doppler effect which yields a second order 
contribution that does not average to zero during the lifetime of the excited state. It can 
be written as 
 
2
SOD 0 22
v
E
c
=δ   (I.12)  
where 2v  is the average quadratic velocity of the vibrating atom.  
By this way, the temperature behavior of the ismer shift enables to give information 
about the lattice dynamics. 
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I.1.4.2.  The quadrupole splitting (ΔEQ) 
The quadrupole splitting arises from the electrostatic interaction between the electric 
quadrupole moment of the nucleus and the electric field gradient (EFG) at the nucleus, 
produced by an asymmetric electronic charge distribution around that Mössbauer 
nucleus. The EFG can be represented by a tensor with Vij being the second derivatives of 
the electric potential 
 { }, , ,ij i j
i i
VV x x x y z
x y
∂= − ∈∂ ∂  (I.13)  
By chosing an appropriate reference system the nine components can be reduced to three: 
Vxx , Vyy , Vzz where by convention Vzz = eq (q = proton charge = 1.602 ×10-19 C) as the 
maximum value taken along the z axis, called the principal axis. Because all Vjj have to 
satisfy the Laplace equation Vxx + Vyy + Vzz = 0 only two parameters are needed to 
describe the EFG i.e. Vzz and the asymmetry parameter given by 
 xx yy
zz
V V
V
−= −η  (I.14)  
The energy shifts of the nuclear system by the quadrupole interaction will generally be 
given by 
 
1
2 2 2
23 ( 1) 1
4 (2 1) 3Q I
e qQE m I I
I I
⎛ ⎞⎡ ⎤= − + +⎜ ⎟⎣ ⎦− ⎝ ⎠
η  (I.15) 
In the case of 57Fe with I = 3/2 for the exited state it results in a splitting given by 
 
1
2 2 2
1
2 3Q
e qQE
⎛ ⎞Δ = +⎜ ⎟⎝ ⎠
η  (I.16) 
The resulting Mössbauer spectrum is a two-line spectrum (doublet) with the positions 
separated by the quadrupole splitting ΔEQ (Fig I.5), also expressed in velocity units 
(mm/s). 
The intensity of both lines are determined by the Clebsch-Gordon coefficients 
 ( )
2
1/ 2 1/ 2 
2
1/ 2 3 / 2 
I   5 - cos           
I 3 1 cos
→
→
= θ
= + θ  (I.17) 
where θ is the angle between the direction of the EFG principal axis and that of the 
gamma radiation. This means that the intensity ratio can vary between 1:3 and 5:3. For 
Mössbauer spectroscopy 
 
- 11 - 
 
random θ angles, which is usually the case in polycrystalline absorbers, the line 
intensities become equal.  Deviations in polycrystalline materials occur when there exists 
preferential directions in the sample (texture effects). Also anisotropic effects in the 
recoilless fraction may induce asymmetry in the spectra. However, this so-called 
Goldanskii-Karyagin effect is only of rare occurrence. 
 
Fig. I.5. The quadrupole interaction and the corresponding Mössbauer spectrum. 
In general, the EFG at the nucleus can be written by 
 ( ) ( )1 1val lateq R eq eq∞= − + − γ  (I.18) 
The  first  term  consists  of  the  contribution  of  the  non‐symmetrical  charge 
distribution of  the valence electrons. Although the s‐electrons do not play a direct 
role  in  the  EFG  at  the  nucleus,  they  are  influenced  through  polarization  and 
distortion effects by the valence electrons. This effect is determined by the so‐called 
Sternheimer  shielding  factor R which  amounts  about  0.2  in  the  case  of  57Fe.    For 
high‐spin Fe3+, which is encountered in this work, the five 3d electrons are equally 
divided over the 5d orbits resulting in zero valence contribution. In the case of high‐
spin Fe2+ the additional electron will create a  substantial contribution in the EFG in 
the case of a slightest deviation from cubic symmetry.  The second term in equation 
(I.18)  refers  to  the  contribution  from  the  surrounding  ligands  governed  by  the 
Sternheimer antishielding factor γ∞ which can amount to ‐10 for 57Fe. In contrast to 
the valence contribution, which is temperature dependent as a consequence of the 
electronic  level  population,  the  lattice  contribution  does  not  significantly  change 
with temperature. 
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I.1.4.3.  The magnetic hyperfine field (Hhf) 
The third important hyperfine interaction is the interaction between the nuclear magnetic 
dipole moment, which results from combining magnetic moments of a proton and 
neutron within nuclei and the induced magnetic moment of the electrons at the nucleus. 
This hyperfine interaction can be described by the Hamiltonian  
  ˆ hf N N hfg= − ⋅ = − ⋅H μ H H Ιμ  (I.19) 
where gN is the nuclear gyromagnetic factor of the considered nuclear state, I the nuclear 
spin operator, Hhf the effective field at the nucleus and μN = eћ/2Mp = 5.508 × 10-27 J/T, 
the nuclear Bohr magneton. Calculations result in the following energy shifts 
 Im N N hfE g H m= − μ   (I.20) 
where mI is the magnetic quantum number, i.e. the component of I along the quantization 
axis. For the excited level of 57Fe with I = 3/2 the level is split into four sublevels (mI = -
3/2, -1/2, +1/2,+3/2), whereas for the ground level with I = 1/2 it splits into two sublevels 
(mI = -1/2, +1/2),. Because of the different gN in excited and ground state, together with 
the selection rule ΔmI = 0, ±1 one obtains a symmetric spectrum with six lines (sextet), 
equidistant on both sides (Fig. I.6) 
 
Fig. I.6. Nuclear Zeeman effect:  magnetic splitting of the nuclear energy levels 
The line intensities are again given by the Clebsch-Gordan coefficients 
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 (I.21) 
where in this case θ represents the angle between the direction of the hyperfine field and 
the γ-ray. For absorbers with random magnetic orientations the intensity ratios become 
3:2:1:1:2:3. Deviations from these ratios can occur for instance when a magnetic texture 
is present or in external magnetic fields (induced magnetic texture). The ratios become 
then 3: x: 1: 1: x: 3 with  
 
2
2,5
2
3,4
4sin
1 cos
I
x
I
θ= = + θ  (I.22) 
This means that the outer and inner lines are always in the same proportion but the 
intensity of the other lines, i.e. the transitions for which ∆mI = 0 are a function of θ for 
which x can vary between 0 and 4. This will further be discussed in detail in the 
paragraph concerning applied magnetic fields. 
The hyperfine field Hhf (or sometimes called internal field) consists of three main 
contributions written as 
 hf contact orbital dipoleH H H H= + +  (I.23) 
The first term Hcontact is the Fermi contact term which accounts for the net moment due to 
the polarization of the s electrons at the nucleus. This polarization is mainly established 
by the unpaired 3d or 4f electrons from the parent atom. However, adjacent magnetic 
atoms may also to a lesser extent contribute to the spin polarization and thus to the 
hyperfine field. In non-metallic compounds this occurs through the so-called 
supertransfer, whereas in metallic systems the contribution results from the influence of 
neighboring magnetic atoms on the conduction electrons. Calculations show that in the 
case of 57Fe the Fermi contact contribution amounts about -11.0T (-110 kOe) per 
unpaired 3d spin. The negative sign points to the direction of the hyperfine field being 
opposite to the magnetic moment. 
The second term Horbital in equation (I.23) is the orbital contribution in the case of non-
zero orbital momentum of the atom. It can be written as 
 ( )3orbital 2 BH r L−= − μ  (I.24) 
with ( ) ( )2L g S= − , the expectation value of the orbital moment. In the case of Fe3+ 
Horbital is already practically zero in a weak crystal field. The orbital contribution is 
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opposite to the Fermi contact field also leading to a larger absolute hyperfine field value 
for Fe3+ in comparison with that of Fe2+. 
The last term in equation (I.23) is the dipolar field originating from a direct dipolar 
interaction between the neighboring magnetic moment and the dipole moment of the 
nucleus. It can be written as 
  ( ) 5 3dipole 2 3BH r r− −= − ⋅ −r s r sμ  (I.25) 
This contribution is strongly dependent on the symmetry of the electron distributions. In 
the case of axial symmetry it can be written as 
 ( )3 2dipole 2 3cos 1BH S r−= − μ θ −  (I.26) 
where θ is the direct angle between the magnetic hyperfine field and the EFG principal 
axis. It clearly shows that the dipolar field gives an anisotropic contribution to the 
hyperfine field. The magnitude is usually of the order 0.1 -1T. 
I.1.4.4.  Combined magnetic and quadrupole interactions 
In magnetic systems nuclear magnetic dipole and electric quadrupole interactions 
generally occur simultaneously. In this case, the interpretation of the obtained spectrum 
becomes much more difficult. The interaction matrix can contain off-diagonal elements 
and the energy levels and consequently the positions of the absorber lines have to be 
calculated from the full Hamiltonian. Fortunately, there are many cases which are still 
simple to solve the spectra, in other words, yielding a direct relation between the 
hyperfine parameters and the line positions.  
A first simple case is obtained when the asymmetry parameter η = 0 and the direction of 
the hyperfine field and EFG principal axis are parallel. In this case both interaction 
matrices are diagonalized and the shifts of the energy levels can simply be summed 
  mQ m QE E E= +   (I.27) 
A second, and most abundant case occurs when the magnetic interaction is much 
stronger than the quadrupole interaction. The latter might then be considered as a 
perturbation on the magnetic interaction. First-order perturbation theory leads then to 
 ( ) ( )1I 2 2 21 3cos 1 sin cos 2
8
m
mQ m
e qQE E += + − θ − + η θ ϕ   (I.28) 
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where θ and ϕ are the polar angles between magnetic axis (hyperfine field) and the 
principal axes of the EFG. In the case of 57Fe this results in a shift of the inner four lines 
with respect to the outer lines with an amount 
 ( )22 3cos 1 sin cos 2
2
Q
Q
EΔε = θ − + η θ ϕ  (I.29) 
which, with an asymmetry parameter η = 0 reduces to  
 ( )22 3cos 1
2
Q
Q
EΔε = θ −   (I.30) 
where θ is here the direct angle between the magnetic hyperfine field and the EFG 
principal axis. It is readily seen that 2εQ is not always the same as ΔEQ and is therefore 
called quadrupole shift. The line shifts are illustrated in Fig I.7. 
     
 
Fig. I.7. The combined magnetic and quadrupole interaction leads in many cases to a 
simple level scheme (top) resulting in an opposite shift of the inner lines with respect to the 
outer ones in the Mössbauer spectrum (bottom). 
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I.1.5. Mössbauer spectroscopy in external magnetic fields                   
The magnetic structure in materials can be often directly determined through 
measurements at low temperatures and in a strong external magnetic field. This applied 
field Hext will align the magnetic moments influencing the intensity ratios of the lines 
through the angle θ between the direction of the hyperfine field and the gamma ray, and 
shifting the lines because the applied field will be partly or totally added to or subtracted 
from the internal hyperfine field. All these features yield valuable information about the 
direction of the magnetic moments in materials. 
I.1.5.1.  The effective hyperfine field Heff 
The effective (or total) magnetic field Heff, as the hyperfine field directly obtained from 
the Mössbauer spectrum, is the vector sum of the (intrinsic) hyperfine field Hhf and the 
applied field Hext 
 Heff = Hhf + Hext (I.31) 
Although the hyperfine field Heff obtained from a spectrum is always a positive value, 
one has to bear in mind that it is in fact negative because the largest term, Hhf is opposite 
to the magnetic moment.  
For a polycrystalline ferromagnetic material in which all the moments are aligned in the 
external field the latter is subtracted from the hyperfine field Hhf (Fig I.8a) 
 Heff = Hhf - Hext (I.32) 
This will also be the case for the spectrum from the magnetic Mössbauer atoms in 
ferrimagnetic materials present in the sublattice with strongest magnetic moment. For the 
sublattice with the weakest moment, Heff will be (see Fig I.8b) 
 Heff = Hhf + Hext (I.33) 
Both formulas show directly that in the case of ferrimagnetic materials, an external field 
will separate the spectra of both sublattices by an amount 2Hext enabling to determine 
more accurately the distribution of the Mössbauer atom among both sublattices. 
In the case of a strong anisotropy, where the external field is not able to align all the 
moments completely, there will be a global orientation of the moments towards the 
direction of the external field, leading to a situation as shown in Fig. I.8c. The relation 
between the different fields are then given by 
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1
2 2 2
eff hf ext hf ext2 cosH H H H H⎡ ⎤= + − φ⎣ ⎦   (I.34) 
and for the opposite moments in the ferrimagnetic case the effective hyperfine field will 
be (Fig. 8c) 
 
1
2 2 2
eff hf ext hf ext2 cosH H H H H⎡ ⎤= + + φ⎣ ⎦   (I.35) 
in which φ represents each time the angle between the intrinsic hyperfine field Hhf 
(opposite to the moment) and the external applied field Hext. In polycrystalline materials 
the angle φ will usually be distributed due to the different orientations of the crystals and 
their anisotropy directions resulting in line broadening. 
The formulas (I.34) and (I.35) are also valid in the case of non-colinear magnetic 
structures, which we will encounter in this work. 
 
Fig. I.8. Spin and hyperfine field configurations in an external field: (a) the ferromagnetic 
case; (b) the ferrimagnetic case (c) the case of canted magnetic structures. 
 I.1.5.2.  The line intensity ratios. 
The line intensity ratios in a magnetic spectrum are given by the formulas (I.20) and will 
be 3:2:1:1:2:3 in the case of randomly directed magnetic moments. In an external field, 
however, the moments will be preferentially oriented towards that field so that these 
ratios become then 3: x: 1: 1: x: 3 with ( )2 24sin 1 cosx = θ + θ . Remark that θ represents 
here the angle between the hyperfine field and the gamma ray. However, in the situation 
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of a longitudinal magnetic field (in the direction of the gamma ray) as been used in this 
work, θ represents also the angle between the effective hyperfine field Heff and the 
external field Hext. For ferromagnetic and ferrimagnetic compounds in which all 
moments align parallel to the applied field the intensities of the ∆mI = 0 lines will be zero 
(Fig. I.9a). For strong anisotropic or canted systems these lines do not vanish (Fig. I.9c) 
and the angle θ can be calculated from the intensity ratio R = I2,5/I1,6 according to 
 
3
1 2
3
4
sin
1
R
R
−θ = +   (I.36) 
Because θ is the angle between the effective hyperfine field and the external field, the 
real canting angle φ can be obtained from the relations (see Fig. I.8c) 
 1 eff
hf
sin sin
H
H
− ⎛ ⎞φ = θ⎜ ⎟⎝ ⎠
 or 1 hf
eff
sin sin
H
H
− ⎛ ⎞φ = θ⎜ ⎟⎝ ⎠
 (I.37) 
dependent on the direction with respect to the external field. 
 
Fig. I.9.  Angular dependence of the relative intensities in the Mössbauer spectra when the 
angle θ between the direction of the applied longitudinal magnetic field (in the γ- ray 
direction) and that of the effective field is (a) 0°, (b) 90° and (c) intermediate. 
For antiferromagnetic materials the situation is somewhat more complex and will 
strongly depend on the anisotropy involved. It will not be treated here because this work 
is particularly focused on ferrimagnetic materials. 
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I.2. EXPERIMENTAL TECHNIQUES 
I.2.1. Experimental set-up of a Mössbauer spectrometer  
Mössbauer spectroscopy can be performed in two geometrical arrangements, i.e. 
transmission geometry and backscatter geometry (Fig. I.10). The first, in which the 
absorption of the γ-ray is detected, is mostly used. In the backscatter geometry either the 
backscattered γ-rays, X-rays or secondary emitted electrons are detected. Because of the 
limited depth of the latter, this technique is mainly used for surface studies. 
 
Fig. I.10. Geometrical arrangements in Mössbauer spectroscopy. 
A schematic illustration of the experimental set-up for a transmission Mössbauer 
spectrometer is shown in Fig. I.11. It consists of a radioactive source attached to a 
vibrator (transducer) with the necessary driving electronics on one side and γ-ray 
detection equipment with amplifying and discriminating electronics on the other side, 
connected to a data collecting system.  
 
Fig. I.11. Schematic illustration of the set-up of a transmission Mössbauer spectrometer 
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The different parts of the spectrometer will now be briefly described. 
I.2.1.1. Mössbauer sources 
In order to populate the excited state of a Mossbauer isotope a radioactive isotope is 
needed which decays to this excited state. In the case of 57Fe the radioactive isotope 57Co 
is used. This neutron deficient nuclide captures an inner valence electron resulting in a 
transition of a proton to a neutron yielding 57Fe in the excited state. The further decay to 
the stable 57Fe ground state occurs then via the emission of three gamma rays with 
energies of 14.4keV, 122keV and 136 keV (Fig. I.12). Only the first one with 14.4keV is 
suited for the Môssbauer effect because of its very low energy and its very narrow width 
due to the relatively long-lived excited state. For Mossbauer sources the radioactive 
isotopes are implanted in a host matrix which has to fulfil certain criteria. Firstly, the 
source should give the narrowest possible Lorentzian line to ensure the best spectral 
resolution. It is therefore essential that the source atoms are residing in precisely 
equivalent lattice sites, having a cubic symmetry (one isomer shift and no quadrupole 
splitting) and in a host that remains paramagnetic (no magnetic splitting) at the source 
temperatures used. Secondly, the source should have a f factor as large as possible so that 
good absorption is obtained. In general, the more ionic or metallic latices are most 
suitable in that respect. Thirdly, the host matrix should not give rise to X-rays, and 
Compton scattering which have energies in the neighborhood of the Mössbauer energy, 
otherwise signal to noice ratio will be reduced resulting in a decreasing quality of the 
spectra.  
 
Fig. I.12. The decay scheme of 57Co to stable 57Fe. 
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For 57Co the most common hosts have been metallic Cr, Cu, Pd, Rh and stainless steel. 
Palladium and rhodium hosts seem to be the most suitable and are commonly used 
nowadays. In the present work 57Fe(Rh) has been used throughout.  
A 57Co source has a half-life time of 270 days. This means that the activity of the source 
is, relative to its initial value, reduced to 39% after 1 year, to 15% after 2 years, to 6% 
after three years, etc. The most commonly used 57Co sources have an initial activity of 25 
to 50 mCi (925 to 1850 MBq). They can practically be used during several years, 
although, when the activity has dropped below 1 mCi several days are needed to obtain a 
spectrum with sufficient statistics. Stronger sources of 100mCi and more are also 
available, but become soon very expensive. They are mainly used in experiments where 
the count rate is relatively low like in the study of materials with low iron content such as 
biological systems or in secondary electron detection systems. They are also used in 
more complex experiments where short collecting times are required e.g. measurements 
at very low temperatures or in very high external magnetic fields.  
I.2.1.2. Transducer and driving mechanism. 
As already mentioned in paragraph I.1.4 a small energy scan, sufficient to observe all the 
absorption lines, is obtained by moving the source relatively to the absorber through the 
Doppler effect. For that purpose the source is attached to a vibrating system (transducer) 
with a well-controlled velocity pattern. In most set-ups a constant acceleration mode is 
used which means that the source is moving with a linearly increasing and subsequently 
decreasing velocity. Such a well determined and precise movement is obtained by a 
sawtooth or triangular signal that is stepwise formed in a function generator, then 
amplified and finally fed into the coils of a transducer. Because this movement is not 
simply harmonic, secondary coils in the transducer continuously detect the movement 
and control it via an electronic feedback system. Such driving systems with a very good 
linearity in the velocity (<0.01%) are now commercially available. In order to avoid 
velocity disturbances due to external vibrations the mechanical part of the Mössbauer 
system must be placed on a vibrationless table or bench. 
I.2.1.3. Detectors and electronics. 
Because it is desirable to detect the γ-ray as efficiently as possible, detectors which are 
most efficient in the appropriate energy range (10-100keV) should be used. NaI(Tl) 
scintillation counters and gas-filled proportional counters are very suited in that respect. 
In Fig. I.13a a pulse height analysed (PHA) spectrum of a 57Co source measured with a 
NaI detector is shown. Further, the non-resonant γ-rays and other radation should be 
avoided. The 14.4keV is therefore selected by a discriminator (single channel analyser) 
for which the windows are set to the appropriate energy values (Fig. I.13b). 
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Fig. I.13. Pulse-height spectrum of a 57Co source collected with a NaI detector:  
(a) full spectrum (b) spectrum after discrimination. 
I.2.1.4. Data accumulation and storage. 
The last step in the Mössbauer spectrometer set-up is the accumulation of the data and 
visualization of the spectra.  This is done in a so-called multi-channel analyser (MCA) in 
which the counts are accumulated in channels (mostly 512 or 1024). The MCA is used in 
a multiscaling mode (MCS), which means that the consecutive channels for the 
accumulation of the counts are directed by external pulses. In the commonly used time-
mode set-up the start and channel advance pulses provided by the function generator are 
used. In this way the channel numbers correspond to the Doppler velocities and result in 
a horizontal velocity scale on the display. In the early days of Mössbauer spectroscopy, 
rather expensive MCAs were needed. Nowadays, however, much cheaper PC boards or 
by USB to PC connected modules (Fig. I.14) have taken over the task. Moreover, these 
modules contains now a discriminator and also provides the possibility of pulse-height 
analysis. In this way the 14.4keV radiation is readily selected and windowed. 
 
Fig. I.14. Small Wissel CMCA-550 accumulation and storage module used in this work. 
 
I.2.1.5. Cryostats. 
Valuable information can only be obtained when Mössbauer spectra are collected over a 
wide temperature range, especcialy down to very low temperatures. For that purpose 
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cryostats are used enabling to reach absorber temperatures down to liquid He (4K). The 
cryostat used in this work (Oxford Instruments CF506) is a continuous-flow type where 
the cooling liquid (liqN2 or liqHe) flows continuously from a liquid recipient into the 
cooling chamber containing the absorber. In order to let through the γ-rays those 
cryostats are equipped with Al-coated mylar windows. 
I.2.1.6. Superconducting magnet. 
As shown in this work, Mössbauer measurements in external fields are very important in 
order to obtain additional structural and magnetic information. Because the hyperfine 
fields are usually of the order of 40-50T, the external fiels must often amount to several 
tesla, for instance, to resolve the spectra of the opposite magnetic moments in 
ferrimagnetic materials. In that respect mainly superconducting magnets with relatively 
high fields are used. In this work an Oxford Instruments superconducting magnet with 
magnetic fields up to 6T was used. The magnet is a so-called split-coil system, consisting 
of two Nb-Ti coils and a small compensation coil (Fig. I.15). This coil produces a zero 
field at the location of the source in order to maintain a single narrow line for the latter. 
In this configuration, the field is longitudinal, i.e. in the direction of the γ-ray. The whole 
magnet system is located in a cryostat with internal liquid helium and liquid N2 vessel.   
 
 
Fig I.15. Mössbauer superconducting magnet system with split coils. 
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I.2.2. Additional techniques  
I.2.2.1. Absorber preparation. 
Most of the Mossbauer measurements are carried out in transmission geometry and some 
requirements have to be metin the preparation of the absorber. The quantity of material 
used is usually rather small and of the order 10 to 100 mg. The amount depends on the 
absorber area and on the concentration of the Mossbauer element in the material. For best 
line shape and resolution (see par I.2.3), it is desirable that the absorber is rather "thin", 
because the experimental line width increases with increasing effective thickness. This 
effective thickness is not the real physical thickness of the absorber but a measure for the 
absorption given by: 
 o oT nf σ=  (I.38)   
with n number of Mossbauer isotopes per cm2, fo the recoilless fraction and σo the 
maximum cross section at resonance (2.35×10-18 cm2 for 57Fe). On the other hand, in the 
case of very "thin" absorbers the absorption is rather small and long measuring times are 
needed to obtain good quality spectra with high signal to noise ratio. For iron a good 
compromise is achieved when about 10 mg/cm-2 total iron is used in the absorber. 
However, thinner absorbers are necessary when the sample contains heavy elements, 
because the latter reduce the quality of the spectrum noticeably. The quality is also 
strongly dependent on the homogeneity of the absorber. So, it is imperative that the 
absorber material is finely ground and uniformly spread over the absorber area. In the 
case of material with not so high iron content, improved homogeneity can be obtained by 
mixing the sample with an inert matrix such as finely ground perspex, carbon, aluminum, 
sugar, etc. The final absorber is made by spreading the sample material or mixture 
uniformly over a foil in a sample holder. A simple gluey foil such as cellotape is already 
sufficient but a little frame covered with iron-free aluminum foil is more appropriate to 
homogenize the temperature when the absorbers are submitted to low temperatures. Also 
covering the material with a solution of Styrofoam in benzene results in a solid entity. 
I.2.2.2. Calibration. 
In order to determine accurately the energy (= velocity) scale, the spectra have to be 
calibrated. This is realized by using standard absorbers such as the singlet of stainless 
steel, the doublet of sodium ferro-cyanide, and especially the sextet of metallic α-iron. 
The latter is indeed mostly used because of its well-defined six lines, spanning a 
relatively wide velocity region. Moreover with its high Curie temperature (TC = 1040K) 
the magnetic moment and thus the hyperfine field will not change significantly with 
small temperature variations at room temperature (RT). For the study of oxides with 
large hyperfine fields (40-55T), however, a standard hematite (α-Fe2O3) absorber is is 
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prefered (TC = 940K), because its spectrum with its Hhf ≈ 52T spans a still higher velocity 
region than iron with Hhf = 33T. Iron foils are usually first calibrated with other standard 
materials in order to determine the isomer shift which can differ slightly from foil to foil. 
Hematite calibration absorbers are before use on their turn accurately calibrated using 
standard iron foils. 
Spectrum calibration occurs now by fitting the six absorption line positions to the 
calibrated values by a least-squares method. This method yields the velocity v0 of the 
zeroth channel (intersection) and the velocity increment Δv in the linear case. The 
velocity of each channel i in the spectrum is then determined by 
 ov v i v= + Δ  (I.39) 
In the case of deviations of linearity a 2nd or 3rd order polynome can be fitted to the 
standard values. Absorbers consisting of a composition of calibration materials such as 
α-Fe and α-Fe2O3 can then also be used.   
I.2.2.3. Spectrum folding and straigtening the baseline. 
When the function generator works in triangular mode, the velocity changes two times 
between the extreme velocities. At the start pulse the source is in our case moving away 
from the absorber with maximum negative velocity. At the end of the movement 
farthermost of the absorber, it comes for one moment to rest (v = 0) and moves then back 
towards the absorber with maximum positive velocity.  It then comes to rest for one 
moment in a position closest to the absorber, wherafter it reaches again maximum 
negative velocity. This movement has two consequences: 
- the spectrum has passed two times the velocity region, once from minimum 
velocity to maximum velocity and back, resulting in a mirrored double 
spectrum; 
- the source is not always on the same spot with respect to the absorber; in the first 
point of zero velocity the source is farthest away from the absorber, whereas it is 
closest in the second point of zero velocity; this all leads to a double parabolic 
baseline due to angular effects (see Fig. I.16) 
Folding the spectra will now result in an improvement of the statistics and will further in 
a first approximation straighten the baseline if the source is not too close to the absorber. 
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Fig. I.16. Vertically expanded Mössbauer spectrum of hematite  
showing  the parabolic baseline 
I.2.3. Spectrum analysis  
A Mössbauer spectrum is a potential source of information and the main task of the 
spectroscopist is to retrieve the maximum from it. This information consists of the 
hyperfine parameters and other spectral parameters such as line widths and line areas 
(intensities) which all can be related to various physical and chemical properties of the 
sample material. In order to obtain the most precise values of these parameters, it is 
essential to numerically analyse the spectra using the best suitable models. 
1.2.3.1. Mathematical representation of a Mössbauer spectrum 
A Mossbauer spectrum is a convolution of the source line function and the absorber 
spectral function, the latter being described by an exponential of the sum of absorber 
Lorentzian lines. Mathematically, it can be described by a so-called transmission integral 
(TI) which cannot be expressed in a closed algebraic form. It can briefly be represented 
as: 
   ( ) , ,
1
( ) 1 L ( , ).exp L ( , )
n
s s s s a j a j j
j
N v N f f v v v v dv
∞
∞ −∞ =
⎧ ⎫⎡ ⎤⎪ ⎪= − + Γ − − Γ −⎨ ⎬⎢ ⎥⎪ ⎪⎣ ⎦⎩ ⎭∑∫  (I.40) 
in which LS and La,j represent Lorentzian source and absorber functions. 
Such a TI calculation is normally to be used in the case of a large absorber thickness. In 
the case of thin absorbers, however, the spectrum can to a good approximation be 
described by a sum of Lorentzian lines. Taking the non-resonant background A0 (baseline 
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of the spectrum) into account the first two terms of the exponential series in the 
convolution lead to: 
 0
1
( ) L( , )
n
j j j
j
N v A A v v
=
= − Γ −∑  (I.41) 
in which L( ) represents a (normalized) Lorentzian line, reducing the TI integral to a 
sum of Lorentzian lines of the type 
           
2 2
/ 2
L( , )
( ) ( / 2)
j
j j
j j
v
v v
ΓΓ = ⎡ ⎤− + Γ⎣ ⎦
π
 (1.42) 
defined by their width Γj equal to the sum of the absorber and source widths Γa,j and Γs,j. 
and their position (peak velocity) vj. The positions of the lines are determined by the 
hyperfine parameters. In the case of a singlet the position of the single line is nothing else 
than the isomer shift (center shift). In a doublet spectrum the positions of the two lines 
are determined by  
 1 2
1 1and
2 2Q Q
v E v E= − Δ = + Δδ δ  (I.43)  
Inversely, the hyperfine parameters are calculated from the positions by 
 1 2 2 1
( )
2 Q
v v and E v v+= Δ = −δ  (I.44)  
For a sextet the six positions are calculated from the energy differences between excited 
and ground levels. These transition energies in velocity units are given by  
 1 , ,
3 1
2 2N a N g N hf Q
v g g H⎡ ⎤= − + +⎢ ⎥⎣ ⎦δ μ ε  (I.45a) 
 2 , ,
1 1
2 2N a N g N hf Q
v g g H⎡ ⎤= − + −⎢ ⎥⎣ ⎦δ μ ε  (I.45b) 
 3 , ,
1 1
2 2N a N g N hf Q
v g g H⎡ ⎤= + − −⎢ ⎥⎣ ⎦δ μ ε  (I.45c) 
 4 , ,
1 1
2 2N a N g N hf Q
v g g H⎡ ⎤= − − −⎢ ⎥⎣ ⎦δ μ ε  (I.45d) 
 5 , ,
1 1
2 2N a N g N hf Q
v g g H⎡ ⎤= + + −⎢ ⎥⎣ ⎦δ μ ε  (I.45e) 
 6 , ,
3 1
2 2N a N g N hf Q
v g g H⎡ ⎤= + + +⎢ ⎥⎣ ⎦δ μ ε  (I.45f) 
 Chapter I 
 
- 28 - 
 
The coefficients are calculated for positions in velocity units taking the isomer shift δ 
and quadrupole shift εQ in mm/s and the magnetic hyperfine field Hhf in T. The hyperfine 
parameters are derived from the positions by 
[ ]6 1 1 2 5 6 1 6 2 51 13.101 ( ) , ( ) ( ) ( )4 4hf QH v v v v v v and v v v v= − = + + + = + − +δ ε  (I.46) 
1.2.3.2. Spectral analyzing methodology 
The most current methods consist of calculating a finite series of spectra by varying the 
parameters in an appropriate way until the final calculated spectrum "fits" sufficiently the 
measured one. A measure for a "good fit" is provided by χ2 which is the sum of the 
squared deviations from the calculated spectrum divided by the variance. It can be 
expressed as: 
 
( ) 21 22 , ,....i i
i i
Se Sc P P
Se
−⎡ ⎤⎣ ⎦χ = ∑   (I.47) 
with Sei an Sci the experimental and calculated value of channel i. The spectral analysis 
consist of the minimization of the χ2 enabling in this way an optimization of the 
parameters. Various algorithms for such minimization are available.  
A general flow diagram of the a computer fitting program for spectral analysis is dis-
played in Fig. 1.17. The heart of the program is a fast minimization routine. This minimi-
zation routine calls regularly a function routine in which the χ2 is computed departing 
from the calculation of a theoretical spectrum based on a set of parameters Pj. The 
minimization routine searches all the time to decrease χ2 until it converges to the lowest 
obtainable value.  
The free parameters are in fact bounded via the minimization of chi-square. For a large 
number of parameters convergency problems can occur. Due to the large variety in 
spectra and lineshapes no general rules can be put forward in order to avoid these 
convergence problems. The main factors involved are: (i) spectrum resolution (number 
of points), (ii) statistical quality of the spectrum, (iii) complexity of the spectrum 
(overlap of lines), (iv) kind of minimization procedure, (v) number and kind of 
parameters and (vi) choice of assumed fitting model and initial values of the parameters. 
However, one can to a large extent avoid convergence difficulties by:  
(i) using strong sources yielding good statistical quality over a large number of channels, 
(ii) improving the resolution by measuring at other temperatures (due to the T 
dependence of the HF parameters) or by other techniques such as external-field 
measurements or measurements at different angles, (iii) selecting an efficient 
minimization routine (e.g. Levenberg–Marquardt algorithm), (iv) using appropriate 
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constraints which reduce the number of parameters, (v) avoiding interfering parameters, 
and (vi) applying a step-wise fitting procedure starting from simple models. 
(Vandenberghe et al., 1994) 
 
Fig. 1.17. General flow diagram of a fitting program. 
 
Appropriate constraints can be imposed by using equations (I.45) which reduces the six 
line positions to three parameters δ, Hhf and εQ. Apart from these position constraints 
further restrictions can be applied to the widths and the line areas. In the case of a sextet 
the widths can be put symmetrically equal reducing the number of width parameters to 
three. If a small broadening towards the outer lines is observed, mainly due to a narrow 
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distribution in Hhf, only one linewidth and a line broadening can be used. Because Hhf 
splits the lines equidistantly the line widths Γ can be represented by  
 3j nΓ = Γ + ΔΓ  (I.48)  
with n = 3 - j for j = 1, 2, 3 and n = j - 4 for j = 4, 5, 6. For the line areas appropriate 
ratios can be assumed such as 3 : x : 1 : 1 : x : 3 for a magnetically split 57Fe spectrum or 
3 : 2 : 1 : 1 : 2 : 3 if Hhf is further randomly oriented with respect to the γ-ray. If 
necessary, these introduced ratios can precedingly be corrected for finite absorber 
thicknesses.  
Last but not least, the number of parameters can often be further reduced by considering 
the material's properties, leading to physically dictated coupling and/or fixing some of 
the parameters. For instance, in our case, the quadrupole shifts for Fe3+ on tetrahedral and 
octahedral sites in spinel compounds may in good approximation be fixed to zero. 
Indeed, the tetrahedral sites in spinels have a no significant quadrupole splitting, 
Moreover, on the octahedral sites, Vzz is directed along [111] whereas Hhf is mostly 
directed along [100] due to crystalline anisotropy of the moments. This configuration 
results in an angle of 54.7° which according to equation (I.29) yields  εQ = 0 with η = 0.  
1.2.3.3. Spectral fitting procedure with Lorentzian line shapes. 
The widely used method to fit simple Mössbauer spectra, i.e. spectra which are not too 
strongly influenced by hyperfine parameter distributions, is the direct fitting with 
Lorentzian lines based on equation (I.41). In the laboratory a program MOSSF was 
developed and is used, which fits the spectra with Lorentzian lines for which, in the case 
of sextets, the widths are constrained according to (I.48). The program has also a variety 
of possibilities to couple and/or to fix the parameters. The intensities Aj and the baseline 
parameter A0 are calculated in a separate least-squares routine as shown in the diagram in 
Fig. I.16. This program has mainly been used in this work for the analysis of the doublet 
spectra. 
1.2.3.3. Spectral fitting procedure with distributions. 
Most of the spectra obtained in this work are governed either by distributions of the 
hyperfine parameters or by relaxation effects. For the analysis of those spectra a fitting 
procedure based on the distribution of the hyperfine parameters (mainly Hhf) have been 
applied. The program DIST3E developed and used in the laboratory is based on the ideas 
of Hesse and Rübartsch (1974), Le Caër and Dubois (1979), and Wivel and Mørup 
(1981) as outlined by Vandenberghe et al. (1994). The principle of the method consists 
of fitting the spectra with a series of elemental doublets or sextets for which the intensity 
will be separately fitted by a least-squares method. Because the mathematical conditions 
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in the least-squares method are too severe, the statistical fluctuations in the spectra will 
result in unrealistic strongly fluctuating intensity distributions, which actually should 
represent the distribution of hyperfine fields or quadrupole splittings. Hesse and 
Rübartsch (1974) introduced therefore the possibility of smoothing the distribution. 
However, there were still negative probabilities observed in the resulting distributions. 
To overcome this, Le Caër and Dubois (1979) introduced the constrain for all 
probabilities to be positive. On the other hand, Wivel and Mørup (1981) made the 
possibility to force the endpoints of the distribution to be zero. All those constraints have 
been incorporated in the program DIST3E. Moreover, the program not only enables to 
fix and/or couple the different parameters, but also to introduce linear correlations 
between quadrupole splitting and isomer shifts in the case of doublets, and in the case of 
sextets correlations between the hyperfine field on one hand and isomer shift and/or 
quadrupole shift on the other. 
1.2.3.3. Spectral fitting procedure with bi-dimensional distributions. 
The basic idea of using distributions, outlined in previous section have been extended to 
bi-dimensional distributions. Particularly, this can be applied to spectra, measured in 
external fields, where canting is observed. In many cases those spectra consist of  a 
distribution of hyperfine fields and a distribution of the canting angles. Because the 
distribution of the hyperfine field is mainly reflected in the line broadening, whereas the 
canting angles are predominantly determined by the intensities of the ΔmI = 0 lines, the 
spectra can potentially be analysed with such bi-dimensional distributions. In the eighties 
a program DBLDIST has been developed in the laboratory based on these multiple 
distributions (de Bakker et al., 1990). 
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Chapter II 
Structural properties of spinel compounds 
 
II.1 The crystal structure of spinels 
Spinel was originally the name of a naturally occurring mineral MgAl2O4. But later on, 
all compounds with similar structure and chemical formula AB2O4 were also called 
spinels. The materials have essentially a cubic structure with O2- ions forming 
interpenetrating fcc lattices. The spinel structure was for the first time determined by 
Bragg (1915) and Nishikawa (1915) and belongs to the space group 7Oh  (Fd3m). Spinel 
compounds have further been of continuous interest. Well known are the class of spinel 
ferrites, i.e. the spinels in which the Mg and Al are replaced by Fe3+ and other ions of the 
transition elements, showing interesting properties. Because of the peculiar magnetic and 
electrical properties, many compositions with spinel structure have been synthesized and 
have been structurally and magnetically investigated in the fifties and sixties by Gorter 
(1954) and Blasse (1964).  
The idealized spinel structure is shown in Fig. II.1. It is based on a cubic close packing of 
O2- anions, with two types of interstitial positions i.e. tetrahedral or A sites with point 
symmetry 43m and octahedral or B sites with point symmetry m3m. These two types of 
sites A and B are often marked in the chemical formula by ( ) and [ ] respectively, so the 
ideal spinel compound is described by the general chemical formula (A2+) [B3+]2 24O
− , 
where the A sites contain often divalent cations and the B sites trivalent ones. However, 
the spinel structure has the capacity to accommodate a wide variety of metal cations as 
reflected in the large number of known iron-containing spinel ferrites. Besides divalent 
and trivalent cations, the spinel structure can also accommodate monovalent (Li+, Cu+), 
tetravalent (Ge4+, Ti4+, Sn4+, Mn4+), pentavalent (V5+, Sb5+, Nb5+), and even hexavalent 
(W6+, Te6+) cations. Also, some of the normally occupied sites may be vacant or in some 
rare cases, small cations may also occupy the normally empty octahedral sites. Moreover, 
most compounds can form solid solutions, so it is clear that a large variety of spinel 
compounds is possible.  
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The spinel structure can best be shown by a face-centered-cubic (fcc) unit cell of A-site 
ions with cell edge a, subdivided into eight octants with edge a/2 containing alternatively 
1 cation (A) in tetrahedral and 4 cations (B) in octahedral coordination (Fig. II.1). One  
unit cell of the spinel contains therefore eight AB2O4 molecule units, i.e, 32 oxygen 
anions, 8/8 + 6/2 + 4 = 8 tetrahedral cations and 16 octahedral cations..  
 
Fig. II.1. Ideal spinel lattice with four octants drawn: the small spheres represent the 
cations on the tetrahedral (A) sites, the larger spheres the cations on the octahedral (B) 
sites. the largest spheres represent the oxygen. The distance from the oxygen ion to the 
base as shown defines the oxygen parameter u. 
 
Fig. II.2. Two adjacent octants of the spinel structure. 
 
In Fig. II.2, the positions of the ions are shown in two adjacent octants. The occupied 
tetrahedral sites inside the octants are thus in the centre and on four of the eight corners 
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of the octant. It can be seen that the occupied tetrahedral sites (A sites) form two 
interpenetrating fcc lattices, which are displaced with respect to each other over a 
distance dAA= ¼a√3 in the direction of the body diagonal of the cubic lattice. The 
occupied octahedral sites (B sites) are found only in the other type of octant. The four 
metal ions are situated at sites analogous to those of the oxygen ions, i.e. on one quarter 
length of the diagonal from the other ends of the four body diagonals of the octant. 
Consequently, the oxygen and (octahedral) metal ions in this octant together span a cube 
with edge ¼a. All octahedral ions together reside on the interstices of four 
interpenetrating fcc lattices with edge a, which are displaced with respect to each other 
over a distance dBB = ¼a√2 in the directions of the face diagonals of the cube. The 
surrounding of the tetrahedral ions has a strictly cubic symmetry, but, for octahedral ions 
this is only true in the ideal spinel structure as explained in the next section.  
II.2. Ionic radii, distances and cell dimensions 
In the spinel structure, the tetrahedral interstices are usually too small to accommodate 
the cations. As a result, the oxygen ions are pulled away from the A-site ion in the [111] 
directions (see Fig.II.3). A quantitative measure of this displacement is given by the 
oxygen parameter u, which is the fractional distance between a particular oxygen ion and 
a face of the cube as shown in Figs.II.1 and II.2. In a perfect spinel lattice, the oxygen 
parameter will be u = 3/8 = 0.375. However, due to the displacements u is usually larger 
than the ideal value. 
 
 
Fig.II.3. Two adjacent octants with B cations. The oxygens ions are pulled away from the 
A-site ions leading to a trigonal distortion of the octahedrons. The B-site cations form 
corner-sharing tetrahedrons. 
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These oxygen displacements result in fact in a larger oxygen tetrahedron which 
nevertheless retains the cubic symmetry. However, the oxygen tetrahedra in the 
octahedral octants shrink by the same amount as the first expands. As a result, the 
oxygen surrounding of each B ion is now trigonaly distorted along the [111] and has no 
longer a cubic symmetry (Fig.II.3). This will be the reason why B-site Fe3+ exhibits 
mostly a significant quadrupole doublet in the paramagnetic Mössbauer spectra of 
spinels.  
From Fig.II.3 one can further see that the octahedral cations form in fact corner-sharing 
tetrahedrons which are not affected by the trigonal distortion. This will play a very 
important role in the magnetic properties of spinel compounds as discussed in the next 
chapter. 
It is clear that, for completeness, the oxygen parameter u must be specified in addition to 
the lattice parameter a. From these values the radii of both the interstitial sites can be 
calculated for not too large distortions (Smit and Wijn, 1959). 
 1 53 and
4 8A O B O
r a u r r a u r⎛ ⎞ ⎛ ⎞= − − ≈ − −⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠  (II.1)                                               
where r0 is the radius of the oxygen ion O2− (~1.48Å). 
In the case of mixed spinels in which each of the sites contain various kinds of cations, 
the average ionic radii rA and rB have to be considered. The theoretical lattice parameters 
can be inversely calculated from the average atomic radii as follows 
 8 ( ) 3( )
3 3 A O B O
a r r r r= + + +  (II.2) 
Because the ionic radii determine the interionic distances and the different cation-anion-
cation angles the physical properties and particularly the magnetic properties of spinels 
will strongly dependent on those radii. The interionic cation-cation and anion-anion 
distances can be calculated directly from the lattice and oxygen parameter by 
(Gorter,1954a) 
 
B-B A-A A-B
A B1 B2 2
O-O O-O O-O
1 1 12; 3; 11
4 4 8
1 1 112 2 ; 2 2 ; 4 3
4 2 16
d a d a d a
d a u d a u d a u u
= = =
⎛ ⎞ ⎛ ⎞= − = − = − +⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
 (II.3) 
and the nearest cation-anion distances by  
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1
22
A-O B-O
1 11 433 and 3
4 4 64
d a u d a u u⎛ ⎞ ⎛ ⎞= − = − +⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠  (II.4) 
The cation-anion-cation angles in the ideal spinel structure are shown in Fig.II.4.  
 
Fig.II.4. Cation-anion-cation angular configurations in the spinel lattice  
(after Smit and Wijn, 1954). 
These angles and distances play a very strong role in the magnetic interactions between 
the cations which are mostly of the superexchange type, i.e. via the anion. Moreover, 
these angles are slightly different for non ideal spinel structures with u > 0.375. For 
instance, due to the trigonal distortion the ϕBOB increases and becomes therefore larger 
than 90°, whereas ϕBOA decreases. All this will strongly influence the magnetic 
interactions and therefore will determine the magnetic behavior of a specific spinel 
compound to a large extent. 
II.3. Site preferences and cation distribution. 
The cation arrangement in spinel-type oxides is very important. It does not only 
influence in an indirect way the physical properties by the average ionic radii, but the 
presence of specific cations on specific lattice sites or the repartition of a certain cation 
among the two sites all have a direct impact on the structural and magnetic properties of 
the spinel compound. For simple binary spinels the cationic repartition among the two 
sites is expressed by a distribution parameter ξ yielding the general formula  
(X1-ξYξ)[Y2-ξ Xξ]O4. For ξ = 0 the spinel has the ideal distribution and is called normal. 
Typical examples are the aluminates such as MgAl2O4 and FeAl2O4, chromites such as 
CuCr2O4 and NiCr2O4, and some ferrites like ZnFe2O4, For ξ = 1 the spinel is called 
inverse with typical examples such as the titanates Co2TiO4 and Fe2TiO4, and some 
ferrites such as NiFe2O4. Many spinels, however, have an intermediate cationic 
distribution. Moreover in some spinels the cation distribution is temperature dependent. 
This is for instance the case for magnesioferrite (MgFe2O4), copper ferrite (CuFe2O4) 
(Pauthenet and Bocherol, 1951) and cobalt ferrite (CoFe2O4) (Gorter, 1954b). During the 
synthesis, which happens usually at high temperatures, the cation distribution in these 
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compounds is more random, which means that there is a tendency for the cations to 
distribute in equal proportions on both sites. In the case of slowly cooling the materials a 
migration of the cations occurs making the spinels more inverse in this case. On the other 
hand, when the materials are quenched the random distribution which was present at that 
high temperature will more or less remain. This means also that when a slowly cooled 
sample is heated the cations will migrate again towards a random distribution. This 
migration starts usually at about 400°C, but can begin at lower temperatures when the 
samples have a small excess of oxygen (cation vacancies). If  ionization energies are 
competitive with lattice energies the cation migration can also be accompagnied by 
valence changes. This is for instance the case in the spinels MnxFe2-xO4 (Brabers, 1971) 
and  
CuxMn2-xO4 (Vandenberghe et al.,1976).  
The cationic distribution in spinels is in the first place determined by the electrostatic 
Coulomb energy of the lattice. This energy can easily be calculated in the assumption of 
a pure ionic chemical binding as has been done for the spinel structure by de Boer et al., 
(1950). From these calculations it was shown that it is generally favourable to have either 
large ions with low charge or small ions with high charge on the A sites. Also the lack of 
miscibility for some spinel systems could be understood in view of these electrostatic 
considerations. These calculations have further been extended to account for anion 
polarization effects (Smit et al., 1962). 
However, by applying electrostatic calculations to spinel systems it was observed that the 
energy difference is not always very pronounced in favour for a particular cation 
distribution. It is clear that the repartition of the cations is to a large extent determined by 
other factors such as their site preferences. The latter is resulting from different 
considerations such as the ionic radius, affinity for covalent binding, crystal field 
stabilization or molecular field stabilization.  
- Ionic radius 
From electrostatic calculations it follows that the A sites will preferably contain  
either large ions with low charge or small ions with high charge. However, because 
the tetrahedral interstices are smaller than octahedral ones the A sites will preferably 
be occupied by small ions and if present with high charge.  
- Affinity for covalent binding 
From binding theory it is well known that cations with filled 3d shell can make 
covalent bindings through sp3 hybridization. This could for instance explain the very 
strong preference for Zn2+ and Cu+ for tetrahedral sites. 
- Crystal-field stabilization 
It is well known that due to the crystal field, originating from the O2- ligands, the 
degeneracy of the five d orbitals of the free transition-metal ions is removed. In a 
Structural properties of spinel compounds 
- 39 - 
 
tetrahedral environment the d orbitals are split into a lower doublet e with orbitals dz2 
and dx2-y2 and an upper triplet t2 with orbitals dxy, dyz and dzx (Fig.II.5a), whereas in an 
octahedral environment the splitting is larger and inverse with a lower triplet t2g and 
an upper doublet eg. (Fig.II.5b). Those splittings implies that it is possible to obtain a 
lower stabilization energy for the different sites determined by the number of d 
electrons. A quick calculation taking for the crystal field splitting Δoct ≈ 9/4Δtetr and 
considering  a somewhat smaller effect for d > 5 (Dunitz and Orgel, 1957; McClure, 
1957) the octahedral preference increases in the following order: d0 = d5 = d10 < d6 < 
d1 < d7 < d2 < d9 < d4 < d8 < d3. Although the crystal field stabilization cannot 
completely account for all experimentally observed cation distributions, it could well 
explain the very strong octahedral preference for d3 ions such as Cr3+ and Mn4+. The 
stabilization energy in a certain site can in some cases still be increased if the levels 
are further split, which is for instance the case for a tetragonal deformation of the 
environment. This feature is well-known as the Jahn-Teller effect and may lead to a 
macroscopic tetragonal spinel lattice if a sufficient amount of such Jahn-teller active 
cations is present on a certain site. 
 
 
Fig. II.5. Energy level scheme in (a) a regular tetrahedral crystal field and (b) an 
octahedral crystal field 
 
- Molecular-orbital calculations 
Because the crystal-field stabilization could not completely account for the observed 
cationic distributions, Blasse (1964) and Cotton (1964) proposed a more qualitative 
treatment of site preferences using molecular-orbital methods. In this way the 
tetrahedral preference of d5, d6, d9 and especcially for d10 (Zn2+, Cu+) were clearly 
demonstrated together with the strong octahedral preference of d3 (Cr3+, Mn4+).  
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Later on, other more semiempirical approaches were introduced to explain at least 
qualitatively the cation distribution, based on thermodynamic models (Navrotsky and 
Kleppa, 1967) or other concepts such as Mendelyev models (Price et al., 1982). 
However, experience has shown that it still remains difficult to predict the cation 
distribution in complex systems merely from the aforementioned theories. So, it is clear 
that prior to any interpretation of the physical properties of a spinel compound, the ionic 
configuration must be well established by experimental means.  
For the determination of the cation distribution, the diffraction techniques in general, are 
the most suitable methods because the diffraction intensities provide direct information 
about the cation localization. Unfortunately, as the spinel compounds contain mainly 
transition metal elements, the X-ray atomic scattering factors (scattering power) of the 
atoms, which are proportional to the number of electrons, will usually differ 
insufficiently to allow an accurate determination of the cation distribution. The scattering 
power for thermal neutrons, however, is not only determined by a potential part 
proportional with A1/3 (A = atomic mass), but also by a resonant part which is a 
consequence of the energy of the system (neutron + nucleus) in the vicinity of a nuclear 
energy level. In this way the scattering amplitudes may be very different for adjacent 
elements and can even have an opposite sign. So, in spinels with transition elements the 
cation distribution can usually be accurately determined from neutron diffraction.  
Also, indirect methods, such as magnetization or conductivity measurements, can be 
used to derive information about the cation distribution, but the conclusions often remain 
speculative, especially when the magnetic and electrical behaviour of the cations is not 
being compared to well-known similar situations. On the other hand, once the 
distribution is known, these indirect methods can often be used to obtain information 
about the cation valence. Mössbauer spectroscopy, despite being mainly limited to Fe, 
Co and Sn, essentially provides direct information about the cation distribution and the 
cation valencies and has become a powerful technique for that purpose, in particular, in 
the case of ferrites. The relatively large differences between the hyperfine parameters of 
the Fe2+ and Fe3+ readily enable the determination of these valences in the spinel 
structure. However, the evaluation of the cation distribution from Mössbauer spectra is 
not as straight forward as is frequently claimed in literature. The hyperfine interactions in 
octahedral and tetrahedral sites usually do not differ substantially and possess a more or 
less distributive character. It is therefore often a problem to discern the subspectra or to 
assign them to the respective lattice sites. Consequently, the use of large external 
magnetic fields in order to separate the contributions from both sites is indispensable in 
most cases.  
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In the case of Mg-Fe-Ti spinels, which are somewhat similar to the compounds treated in 
this work, the cationic distribution with respect to Mg2+ could be determined by X-ray 
diffraction because of the large difference of the scattering factors between Mg and the 
other elements (De Grave et al., 1975). Moreover, there was a strong indication that Ti4+ 
was only present in octahedral sites. The distribution in MgFe2O4 was confirmed with 
external-field mossbauer measurements (De Grave et al., 1979). 
II.4. Spinel synthesis. 
Closely related to the obtained structural properties of spinels is the preparation method. 
Polycrystalline spinel compounds are usually prepared from dried oxides or salts in an 
appropriate ratio of metal ions. These oxides are intimately mixed and then presintered at 
some moderate temperatures (700-800°C). Then they are powdered, pressed and finally 
fired at high temperatures in the order of 1000°C or more. The firing conditions such as 
temperature, atmosphere and time are extremely important in obtaining a final 
homogeneous product that is stoichiometric and free from secondary phases. 
Temperature and atmosphere conditions can sometimes be determined from stability 
diagrams which are often governed by an equilibrium of the system with oxygen. This is 
especially the case in systems with a strong reduction-oxidation mechanism 
(Brabers, 1971; Vandenberghe et al., 1976). However, in most of the spinel systems the 
stability region is fairly extended and no precautions have to be taken with respect to 
oxygen partial pressure. So, in this case sintering and cooling in air will be sufficient to 
obtain products which are practically stoichiometric with respect to oxygen.  
After preparing spinel compounds the spinel structure has to be identified by X-ray 
diffraction. Care has to be taken when examining the patterns in order to determine if no 
secondary phases are present. Literature shows lots of discrepancies found in structural 
and physical properties which are often a consequence of badly prepared non-
stoichiometric spinels mostly with the presence of other phases. A typical example was 
the spinel CuMn2O4 which finally turned out to only exist as a tetragonal spinel 
(Vandenberghe et al., 1976). In this work it will even be shown that the magnetic 
properties can vary drastically with the preparation methodology notwithstanding X-ray 
diagrams always showed the narrow lines of pure spinel compounds. 
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Chapter III 
Magnetic properties of spinel compounds 
 
III.1 Introduction 
The magnetic behavior in materials has for a long time been mainly classified according 
to the following groups: diamagnetic, paramagnetic, ferromagnetic, antiferromagnetic 
and ferrimagnetic. Diamagnetic materials consist of atoms that originally or through 
binding have filled electron shells and therefore do in principle not show any magnetism. 
However, when applying a magnetic field a small negative susceptibility is observed 
which can be qualitatively understood by Lenz’s law. Paramagnetic materials consist of 
atoms having unfilled shells giving rise to magnetic moments. These moments are in fact 
subjected to thermal agitation possessing only a net moment in a magnetic field. This 
gives a susceptibility χ = M/H which, in the case of not too high magnetic fields, follows 
the well-known Curie law, χ = C/T, with C the Curie constant dependent on the kind of 
magnetic atoms. However, the magnetic atoms are rarely free of interactions and the 
temperature behavior is then expressed by the Curie-Weiss law χ = C/(T - θ) where θ is a 
positive value in the case of magnetic interaction tending to align the atomic moments in 
the same direction and a negative value in the opposite case. When strong magnetic 
interactions between the paramagnetic atoms occur the materials become magnetically 
ordered below a certain temperature.  If the atomic moments tend to align parallel the 
material is called to be ferromagnetic. If on the other hand, the moments tend to align 
antiparallel in equal amounts we speak of antiferromagnetism. However, there exists also 
the possibility in which the moments align antiparallel, but, are not equal or not similar. 
In that case the materials are called ferrimagnetic. This ferrimagnetism was discovered 
and described in the late fourties of the previous century by Néel (1948). Hereby, spinel 
compounds were the first examples of ferrimagnetism, in which such magnetic behaviour 
of two sublattice systems with unequal and antiparallel moments are present. In the 
theoretical description of this ferrimagnetism, based on the concept of the Weiss 
molecular field, it was suggested that the magnetic interactions between the sublattices 
are negative, favouring antiparallel arrangements, and predominate over the magnetic 
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interactions within each sublattice. However, it has later been shown that the interactions 
within a sublattice are often comparable to the inter-sublattice interactions leading to 
much more complicated magnetic structures as outlined in the next sections. 
III.2 Magnetic exchange interactions 
III.2.1. Superexchange interaction 
Since a long time, the magnetic exchange mechanisms which occurs in insulators have 
been explained by superexchange (Anderson, 1950).  The exchange Hamiltonian can be 
written as 
 2 ij i j
ij
J= − ⋅∑S SH  (III.1) 
where Si and Sj are the total spins of atoms i and j respectively. This indirect-exchange 
mechanism through an intermediary anion results in a relatively strong magnetic 
interaction. For the d ions in a 180° configuration the superexchange can occur via two 
paths, i.e. σ and π transfer (Fig. III.1). Since the strength of the superexchange 
interaction depends upon cation-anion overlap, the interaction is very sensitive to the 
interionic spacing and to the cation-anion-cation angle. 
 
Fig. III.1. Supertransfer mechanism in a 180° configuration by (a) σ transfer and 
(b) π transfer. 
For spinel compounds the cation-anion-cation angles are displayed in Fig II.4 of previous 
Chapter and there are no 180° configurations present. The A-O2--B bound with its 
relatively short distances and an angle about 126° seems to be the most favourable one 
with respect to superexchange in spinel compounds. The A-O2--A interaction is the 
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weakest because of an unfavourable angle ( ~79°) as well as one of the distances being 
too large.  The B-O2--B exchange with an angle about 90° has also been considered to be 
weak, but it turned out that such an exchange is not negligible with respect to the A-O2--
B one. First of all, this exchange occurs via double B-O2--B path. Secondly, it has been 
shown (Wickham and Goodenough, 1960; Goodenough, 1960) that direct cation-cation 
exchange can occur on the octahedral sites in spinel compounds through direct overlap of 
the t2g orbitals. (Fig III.2)  This is particularly the case for Cr3+ with a d3 electron 
configuration which exhibits therefore a strong antiferromagnetic interaction. The 
condition for a direct exchange is a strong ionic character of the bonds. In the case of 
Mn4+ with a similar electron configuration the more covalent bond results rather in a 
ferromagnetic superexchange interaction (Fig. III.2) (Blasse, 1966). Also Cr3+ which has 
a strong covalent bond in chalcogenide spinels (anion = S, Se, Te) exhibits also a 
ferromagnetic interaction. 
 
Fig. III.2. Overlap in direct exchange and superexchange for d3 cations in 90° B-O-B 
configuration 
III.2.2. Other magnetic interactions in spinels 
From Anderson's (1956) theoretical considerations it was derived that the nearest-
neighbor B-B exchange interactions alone cannot produce any long-range anti-
antiferromagnetic order on the B sites. On the other hand it has been established from 
many studies that antiferromagnetic order occur in magnetic B-spinels (i.e. without 
magnetic ions on A sites) such as ZnFe2O4. Blasse and Fast (1963) have suggested that 
long-range superexchange interactions of the type B-O-A-O-B must also play an 
important role. The strength of this kind of interaction is strongly dependent on the 
covalency of the central cation. In this way 30 more-distant interactions were considered 
in the study of chalcogenide spinels with strong covalent bonds (Baltzer et al.,, 1966). 
Zener (1951) proposed another exchange mechanism to account for the interaction 
between adjacent cations of parallel spins via a neighbouring anion. This so-called Zener 
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double exchange (ZDE) requires the presence of ions of the same metal in different 
valence states on similar crystallographic environments.  This exchange mechanism is a 
consequence of the transfer of the "extra" electron which causes a ferromagnetic 
coupling between the involved ions. This mechanism explains why in the LaMnO3-
CaMnO3 series, the mixed compound Ca0.5La0.5MnO3 behaves ferromagnetic whereas the 
end members are antiferromagnetic. In spinels this kind of exchange can for instance 
occur in Fe304 with mixed Fe3+/Fe2+ valence on the octahedral sites. A positive JBB has 
indeed been derived from susceptibility measurements (Néel, 1948) in contrast to the 
negative JBB usually found in ferrites. A more direct evidence was obtained in the Zn-Ti 
ferrites by Lotgering et al (1977) and from a Mössbauer study of the ZnxGe1-xFe2O4 
spinel series by Grandjean and Gérard (1978, 1980). 
III.2.3. Determination of magnetic interactions 
The sign and magnitude of the magnetic interactions can be determined from various 
experiments such as magnetic measurements, Mössbauer spectroscopy and neutron 
diffraction. The method is based on the molecular field theory using the temperature 
behavior of the magnetization or hyperfine field, if they may be assumed to be 
proportional. In a simple two-lattice ferrimagnetism the molecular fields are given by 
 A AA A AB BH N M N M= − −  (III.2a) 
 B BA A BB BH N M N M= − −  (III.2b) 
where Nij represents the molecular field constants which are a measure for the magnetic 
interaction and being negative in the ferromagnetic and positive for the antiferromagnetic 
case. The magnetic sublattice moments MA and MB, which are in transition elements 
merely determined by the spin, are dependent on the temperature according to 
 ( )B
iA i i B i S A
i
M n g S x= μ∑  and  ( )B jB j j B j S B
j
M n g S x= μ∑  (III.3) 
where n is the number of atoms per unit volume, S de average spin and B(x) the well-
known Brillouin function with argument xA and xB respectively given by 
 i B iA A
g S
x H
KT
= μ     and   i B iB Bg Sx HKT=
μ
 (III.4) 
The moleculair field constants can now be obtained by an iteration method using the 
temperature dependence of the magnetization. It is worth to mention that the molecular 
field constants can also be derived from the temperature dependence of the paramagnetic 
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susceptibility. The exchange integrals Jij can be derived from the molecular field 
constants by 
 
2
2
j i j B ij
ij
ij
n g g N
J
z
− μ=  (III.5) 
where zij is the number of j neighbors of atom i. Jij is usualy expressed in Kelvin.  
In ferrites with iron on both sublattices, Mössbauer spectroscopy may provide the 
temperature behavior of the hyperfine field in the two sites separately. Assuming the 
hyperfine field to be proportional with the magnetic moment the molecular field 
constants can also be easily derived. In this way the exchange integrals have been 
derived by De Grave et al. (1976) for the inverse spinel MgFe2O4. In our used sign 
convention they were found to be JAA = -7K, JAB = -22.5K and JBB = -11.5K. These 
results are very interesting because it shows that the BB interaction is not so small with 
respect to the AB interaction and moreover it is also antiferromagnetic such as the AB 
interaction. As will be shown, these findings are basically very important in this study.  
III.3 Magnetic structures 
III.3.1. Long-range ordered structures 
Magnetic materials with spinel structure are commonly known as being ferrimagnetic, 
i.e. the magnetic moments in one sublattice align antiparallel to those in the other. This is 
due to the antiferromagnetic AB interaction being usually much stronger than the intra-
sublattice interactions even in the case the latter being also antiferromagnetic. However, 
the possibility might occur that the BB interaction is also relatively strong, such as in the 
case for octahedral Cr3+- Cr3+ interaction as outlined in section III.2.1. This may result in 
a non-colinear arrangement on that sublattice and this possibility was already pointed out 
by Néel in 1948. Yafet and Kittel (1952) have further shown that such a competitive 
interaction will lead to an ordered magnetic structure with canted moments.  
In a two-sublattice system the magnetic structure is dependent on the strength of the 
interactions. It can be described using the ratios of the molecular field constants 
 α = - NAA/NAB and β = - NBB/NAB. In fact, one or both sublattices may then split into two 
magnetic sublattices. The four following situations can occur (Fig. III.3): (i) the normal 
ferrimagnetic situation; (ii) collinear on sublattice B and canted on sublattice A; (iii) 
collinear on sublattice A and canted on sublattice B and (iv) both sublattices 
independently antiferromagnetic. The cases (ii) and (iii) represent the triangular or so-
called Yafet-Kittel magnetic structures and the one with the canting on the B sites (iii) 
usually occurs in spinels. 
 Chapter III 
 
- 48 - 
 
 
 
Fig.III.3. Possible configurations of the sublattice moments. 
(ii) and (iii) represent the Yafet-Kittel magnetic structures. 
 
III.3.2. Localized canting 
The long-range ordered triangular magnetic structures can in principle only occur if both 
sublattices are completely occupied by magnetic atoms. However, when one sublattice is 
magnetically diluted with diamagnetic atoms, each magnetic atom in the other sublattice 
will not feel the competing interactions in the same way. In that case the canting will not 
be homogeneous over the whole sublattice. This is demonstrated in Fig. III.4 where an 
interstitial magnetic impurity or a magnetic impurity in another subblattice evokes local 
canting. 
 
Fig.III.4. Localized canting arising from an interstitial magnetic impurity in an 
antiferromagnetic lattice 
Gilleo (1960) made already a model for the lack of long-range magnetic order in diluted 
spinels, but, he did not consider the intra-sublattice interactions. A better picture for such 
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a localized canting was introduced by Geller (1966) in explaining the magnetic 
behaviour in substituted garnets and was further mathematically developed by 
Rosencwaig (1970).  
In the case of spinels, substituted zinc ferrites have been used to investigate the 
behaviour of magnetical dilution. Pure ZnFe2O4 is a so-called magnetic B-spinel in 
which only the B sites are occupied by magnetic ions. Because the Fe3+-Fe3+ B-site 
interaction is negative Zn ferrite turned out to be antiferromagnetic below 10K. By 
replacing some Zn2+ by Ni2+ for instance, the B-site preference of the latter forces some 
Fe3+ to occupy the A sites giving rise to some competitive A-B interactions. Therefore 
Ni1-xZnxFe2O4 have been widely studied. However, as will be outlined in the next 
chapter, the conclusions were not always in the same line (Ishikawa, 1962; Daniels and 
Rosencwaig, 1970; Bhargava et al., 1976; Bhargava and Zeman,1980a, 1980b; Uen and 
Tseng, 1982).  
III.3.3. Superparamagnetism 
Superparamagnetism occurs normally when a magnetic material consists of particles 
which are extremely small, say of the order 1-10 nm. These particles can then be 
considered as monodomains because their dimensions are much smaller than the critical 
monodomain dimensions which are, depending on the kind of material, of the order 
 0.1-1 μm.  Apart from possible uniaxial crystal anisotropy, such a particle will possess 
other uniaxial anisotropy contributions from shape and strain anisotropy and the free 
energy can then be generally written as 
 2eff sinF K V= θ  (III.6) 
where V is the volume of the particle and Keff the effective unaxial anisotropy constant. 
The magnetic particle has therefore an energy minimum for θ = 0 and for θ = π, i.e. for 
the moment parallel and antiparallel to the anisotropy axis separated by an energy barrier 
KeV (Fig. III.5). If the temperature is high enough, thermal agitation will overcome this 
energy barrier and the magnetic moment can fluctuate between those two states. The 
relaxation frequency is proportional to the Boltzmann factor and the relaxation time can 
be written as 
  ( )0 effexp K V kTτ = τ  (III.7) 
where the factor τ0 has a value of the order 10-9. This formula expresses now a transition 
between the particle being magnetic or superparamagnetic. For a particular measuring 
time τ = τexp, determined by the kind of experiment, there is at a certain temperature a 
critical volume VC below which the material behaves superparamagnetically. On the 
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other hand, for a particular volume, there is a certain temperature, called blocking 
temperature TB above which the material behaves superparamagnetically. For a 
distribution of particle sizes there will be a distribution of TB and therefore the material 
will gradually become superparamagnetic with increasing temperature.  
 
 
Fig. III.5. Energy barrier for a single domain particle with uniaxial anisotropy 
 
In the case the experiments are performed with Mössbauer spectroscopy the experimental 
relaxation time τexp corresponds to the inverse of the Larmor precession frequency and 
amounts to 2×10-8 s. Because the transition from magnetism to superpramagnetism is 
observed as a change from sextet to doublet (singlet) a distribution of particle sizes will 
appear as a gradual increase of the doublet at the expence of the sextet with increasing 
temperature (Kündig et al., 1966). From the temperature dependence of the paramagnetic 
fraction a picture of the distribution of the particle volumes can be obtained (Roggwiller 
and Kündig., 1973; Vandenberghe et al., 1980).  
Superparamagnetism has of course been readily observed in small-particle spinel 
compounds, but, it has been shown that also magnetically diluted bulk spinel materials 
behave like superparamagnetic particles (Ishikawa, 1962; De Grave et al.(1979); 
Bhargava and Zeman, 1980a). This could be explained by a strong magnetic 
inhomogeneity in the material leading to magnetically enhanced areas (clusters) 
separated by strongly magnetically diluted areas in the lattice. De Grave (1978) was 
further able to determine the distribution of the cluster volumes in Mg-Ti ferrites using a 
method similar to Roggwiller and Kündig (1973).   
III.3.4. Spin-glass behavior 
After the discovery of spin-glass metallic alloys during the seventies of the former 
century, it was readily observed that such a kind of peculiar magnetic properties may 
similarly occur in non-metals. Spinel materials with competing antiferromagnetic 
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interactions were also good candidates for spin-glass behavior. Because the insights in 
this matter are fundamental for this work this subject will be treated in a separate chapter.  
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Chapter IV 
Spin glasses 
 
IV.1. GENERAL 
IV.1.1. Introduction 
In the late seventies of the former century, a new form of magnetism was discovered in 
some alloys. Below a certain temperature, they show a cooperative freezing of the 
magnetic moments in random directions. This phenomenon was observed in alloys, such 
as AuFe and CuMn, consisting of a diamagnetic matrix with a very low concentration of 
magnetic atoms (Fe, Mn, …). Because there is no preference of the spin orientation 
below the freezing temperature Tf  such materials are in fact magnetically amorphous and 
were therefore classified as “spin glasses”. In order to obtain such a magnetic behaviour 
it was recognized that two ingredients have to be present: (i) frustration, which means 
that the interactions and the atomic configuration are organized in such a way that no 
decisive spin orientation can be found (degenerated state); (ii) randomness of the 
interactions. In order to illustrate those two conditions the following two examples are 
given, which for sake of simplicity are considered in two dimensions. 
Firstly, we consider a lattice in which some magnetic atoms are present (Fig. IV.1a). 
Further, we suppose that the first-neighbor interaction J1 is ferromagnetic and the 
second-neighbor interaction is antiferromagnetic J2 and the condition that | J1| = 2 | J2|.  If 
one chooses now the magnetic atom in the upper right corner as the origin, then we see 
that all spins magnetically couple nicely. At the situation indicated by 3, the 
ferromagnetic interactions dominate by far the antiferromagnetic ones, so one can say 
that the diagonal magnetic bonds are broken. At the positions indicated by 4, however, 
there is a problem in the sense that the atom (somewhat larger and in black color) does 
not know how to align. It is so-called frustrated and will communicate this frustration to 
the two atoms below. This is a typical example of a frustration with short-range 
interactions. This frustration and the randomness of interactive atoms satisfy the 
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condition for a spin glass. In this case there must be at least a chain of interactions 
throughout the crystal and this is called percolation. So, when short-range interactions 
are present, the spin-glass regime can only start when the percolation limit is reached. 
Secondly, let us consider a lattice with a few atoms having long-range oscillating 
magnetic interactions, i.e. interactions which are along their path alternately ferro- and 
antiferromagnetic (Fig. IV.1b). Atom 1 and atom 2 both have mutual ferromagnetic 
interaction. Atom 3, however, should align antiparallel to atom 1, but parallel to atom 2 
and is therefore frustrated. On its turn it will transmit this frustration to further atoms. 
This kind of frustration occurs in alloys due to long-range oscillating Ruderman-Kittel-
Kasuya-Yosida (RKKY) interactions. One can in this case remark that percolation will 
induce order due to short-range direct interactions throughout the crystal so that, opposite 
to the first case, the spin-glass regime will end here at the percolation limit. 
 
                       
                                     (a)                                                        (b)           
Fig. IV.1. Frustration with (a) short-range interactions and (b) long-range oscillating 
interactions. 
IV.1.2. Metallic spin glasses 
The term spin glass was for the first time used to describe the magnetic properties in 
some alloys such as AuFe. These alloys consist of a diamagnetic matrix with a low 
concentration of magnetic atoms. They are usually prepared at high temperatures and 
then quenched in order to obtain a maximum random distribution of the magnetic atoms. 
According to the concentration of the magnetic atoms different magnetic features will be 
found. 
For very low concentrations, i.e. of the order 50-100ppm, the magnetic impurities behave 
as free magnetic moments, but, below a certain temperature, specific for the alloy, their 
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magnetic moments are completely lost due to their interaction with the conduction 
electrons. This phenomenon is called Kondo-effect and was discovered in the sixties.  
When the concentration is increased to the order of 1000ppm (0.1at%), the distance 
between the dispersed magnetic atoms become shorter and the RKKY interactions start 
to play a significant role. These long-range oscillating interactions together with the 
topological disorder fulfils now the condition for spin-glass magnetism and the spins will 
freeze in random directions below a certain freezing temperature Tf , the latter dependent 
on the kind of alloy. In this regime the physical properties of the alloy, such as 
magnetization and specific heat, are scaled which means that they are proportional to the 
concentration.  
From a concentration of about 0.5at%, there is a greater statistical chance of the impurity 
to become first or second nearest neighbor to another one. So, up to about 10at%, 
dimmers and trimers appear in which the atoms are strongly magnetically coupled. These 
small clusters will still freeze in random directions at low temperatures like a spin glass. 
However, the scaling law is no longer valid in this case. When the concentration exceeds 
about 10at%, larger clusters of magnetic atoms appear. In this so-called mictomagnetic 
regime the alloy will still show a spin-glass behaviour possessing relatively high freezing 
temperatures.  
When the concentration is further increased percolation is reached, which means that the 
magnetic atoms have magnetic short-range bonds over the length of the crystal and an 
inhomogeneous long-range magnetic order appears. In this concentration region, two 
magnetic transitions occur. The first one is the  “classic” Curie or Néel temperature 
where the material changes from paramagnetic to (anti)ferromagnetic and the second one 
at lower temperature is the transition Tf to the so-called re-entrant spin-glass, the latter 
being connected to the freezing of only a component of the magnetic moment in random 
directions. Finally, at high concentration the material becomes antiferro- or 
ferromagnetic completely governed by short-range exchange interactions. In Fig. IV.2 a 
general picture of the different magnetic regimes is shown.  
 
Fig. IV.2. General picture of the different magnetic regimes according to the concentration 
x of magnetic atoms. 
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The various transitions as a function of the magnetic concentration can be measured by 
different techniques. Magnetic susceptibility and Mössbauer measurements are very 
useful in that respect. The latter is of course mainly used for iron-containing materials. 
Magnetic susceptibility measurements are often used in AC mode and with low magnetic 
fields. The spin-glass transition is easily recognized by the susceptibility showing a 
typical cusp at Tf. Mössbauer measurements show a gradual transition from sextet to 
doublet around Tf which can be attributed to relaxation effects. The transition to the re-
entrant spin glass is characterized by a sudden increase of the hyperfine field. The 
measurements of various transition temperatures using different techniques for the alloy 
AuFe has led to a phase diagram as displayed in Fig. IV.3. 
 
Fig. IV.3. Magnetic phase diagram for the AuFe system constructed from the collected 
data from various experiments (after Coles et al., 1978) 
IV.1.3. Semiconductor spin glasses 
It was initially thought that spin-glass behaviour would only occur in alloys due to the 
long-range oscillating RKKY interactions. However, Maletta and coworkers (Maletta 
and Felsch, 1979, 1980; Maletta and Convert, 1979) conducted an extensive study, 
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mainly based on neutron diffraction, on the semi-conducting system, EuxSr1-xS. They 
discovered a typical spin-glass behaviour in the concentration range x = 0.10- 0.50. This 
material became the prime example of a spin glass based on short-range magnetic 
interactions up to the second neighbor ones. The exchange couplings J1 and J2 are ferro- 
and antiferromagnetic respectively. Moreover, these competing interactions have the 
ratio | J2|/| J1| = -0.5 giving rise to frustration as shown in section IV.1. In this 
semiconductor the Eu atoms occupy an fcc lattice in which a second neighbor percolation 
threshold is found to lie at x = 0.13. At low concentrations, below this threshold 
(x < 0.13), the susceptibility measurements were explained in terms of 
superparamagnetic clusters (Eiselt et al., 1979). From x = 0.13 up to 0.51 a spin-glass 
transition has been observed, clearly showing that in the case of short range interactions, 
the percolation threshold should be exceeded to obtain a spin glass. At higher Eu 
concentration up to x = 0.65, the magnetic behaviour is characterized by a double 
transition. This was in agreement with the moleculair field model proposed at that time 
by Gabay and Toulouse (1981) in which for certain concentrations a transition from para- 
to ferromagnetism and from ferromagnetism to random canting will be obtained with 
decreasing temperature and is called re-entrant spin glas. All the measurements on the 
EuxSr1-xS system resulted in a magnetic phase diagram as depicted in Fig. IV.4.   
 
Fig. IV.4. Magnetic phase diagram for the EuxSr1-xS system (after Maletta, 1982) 
IV.1.4. Spin-glass behaviour in spinel compounds 
The spin-glass behaviour in the materials outlined in the previous sections can be 
attributed to frustration due to a competition between anti-ferromagnetic and 
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ferromagnetic interactions. Another category of frustration can be evoked by a 
topological effect. A typical example is a triangular, so-called Kagomé lattice (Fig.IV.5a) 
in which the atoms have all antiferromagnetic interactions with each other.  In this kind 
of situation the magnetic state is degenerated because the spins do not know how to 
align. Such a configuration can be expanded to a three-dimensional case with 
tetrahedrons sharing corners (Fig. IV.5b). This is exactly the situation of the atoms 
generally possessing an antiferromagnetic interaction on the octahedral sublattice in 
spinels (see Fig II.3). This kind of B-B frustration in spinels is usually countered by the 
strong A-B interactions, giving for instance rise to magnetic structures of the Yafet-Kittel 
type. But, such a frustration occurs in so-called magnetic B-spinels, i.e. when the 
tetrahedral sites are completely filled with diamagnetic ions. In this case the magnetic 
ground state is completely degenerated and according to Villain (1979) they should 
rather be catalogued as cooperative paramagnets. However, there are all kinds of effects 
that can reduce or remove the degeneracy, especially by the presence of diamagnetic 
impurities on the B sites or magnetic impurities on the A sites. The frustration on the 
octahedral sites together with the impurity disorder fulfill the conditions for spin-glass 
behaviour as outlined by Villain. He also showed that with a weak concentration of non-
magnetic impurities a new state can be obtained, called semi-spin glass in which a 
longitudinal ferro(i)magnetic component coexists with a transversal spin-glas 
component. This is now better known as re-entrant spin glass. 
    
Fig IV.5. Frustration in a 2-dimensional (a) and 3-dimensional (b) triangular lattice with 
antiferromagnetic interactions as occurring in spinels. 
Before the discovery of the spin-glass behaviour in alloys such behaviour was of course 
not recognized in spinel compounds. From the many investigations on magnetically 
diluted spinels it followed that the magnetic properties are often governed by relaxation 
processes. Such processes were attributed to superparamagnetic relaxation and/or to spin-
ion relaxation (Ishikawa, 1962; De Grave et al.(1979); Bhargava and Zeman,1980a). 
Only after the discovery of the existence of spin-glass behaviour in non-metals by 
Maletta and coworkers and the ideas of Villain, the possibility of spin-glass behaviour in 
magnetically diluted spinels was recognized. However, it still turned out that 
superparamagnetic effects can be present due to the formation of magnetic clusters in the 
lattice. Many systems were then also catalogued as cluster spin glasses (Srivastava et al., 
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1988; Zakaria et al., 2003). In the next part a brief literature study is given, showing 
some typical examples of magnetically diluted spinels and the main streamlines in this 
kind of research.  
IV.2. SPIN-GLASS EFFECTS IN MAGNETICALLY DILUTED  
         SPINEL COMPOUNDS 
IV.2.1. Introduction 
The magnetic behaviour of magnetically diluted spinel compounds have been widely 
studied since the sixties of the former century. In literature, a vast amount of papers can 
be found which are related to this subject. As already outlined in previous chapters the 
results of the various investigations are often not concurrent. Sometimes, the same 
system was interpreted by some authors as being composed of magnetic clusters showing 
a pure superparamagnetic behaviour, whereas others found properties rather pointing to a 
spin-glass system or at least an intermediate cluster spin glass. In these investigations 
Mössbauer spectroscopy has been widely used. As a local probe of the magnetism at the 
iron ions it was found to be a powerful method to reveal the magnetic behaviour on both 
sublattices in the spinel compound. In the following literature study, which will be 
confined to the results of the most relevant research in relation with this work, the 
emphasis will therefore also be mainly put on the results of Mössbauer studies.  
IV.2.2. Zn-containing spinels 
ZnxMe1-xFe2O4 ferrites, with Me being some divalent magnetic cation, are good examples 
of magnetically diluted spinels. This system is interesting because it starts from ZnFe2O4 
which is a normal spinel due to the strong tetrahedral preference of Zn2+. Therefore, all 
iron is located on the B-sites yielding a perfect magnetic B spinel. The replacement of Zn 
by cations such as Ni, Co, or Mn will therefore force the magnetic ions to enter the A 
sites in various oncentrations resulting in an ideal system to investigate the effect of 
magnetic dilution on the magnetic properties. However, those magnetically diluted 
spinels have led to the most divergent conclusions. 
Ishikawa (1962) was the first to study Ni-Zn ferrites and concluded that the magnetic 
properties for the Zn-rich compounds are governed by paramagnetic spins and 
superparamagnetic clusters within the material rather than by canting as proposed by 
Yafet and Kittel (1952 ). According to Ishikawa, only at very low temperatures a canted 
alignment could be expected. Raj and Kulshreshtha (1971) investigated Ni0.5Zn0.5Fe2O4 
and Ni0.25Zn0.75Fe2O4 with Mössbauer spectroscopy and found that the spectra show 
relaxation effects over a wide temperature range, similar to that of superparamagnetism. 
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At the same time, neutron diffraction and Mössbauer measurements between 4K and 
300K by Pekoshevski et al. (1971) on Ni0.1Zn0.8Fe2.1O4 revealed the absence of long-
range magnetic ordering and the presence of magnetic clusters. On the other hand,  
Daniels and Rosencwaig (1970) stressed the importance of relaxation effects in the Ni-
Zn-ferrite system in which iron is present in both sublattices. A significant narrowing of 
the absorption lines is observed, proving that the line broadening in the zero-field spectra 
is not exclusively due to distribution effects. As to the nature of the relaxation 
mechanism, Daniels and Rosencwaig consider a spin-lattice type relxation to be the most 
likely one. They further argued that, as a consequence of the non-uniform EFG acting at 
the iron sites, the relaxation time for a given composition at a given temperature is not 
uniform as well, leading to the observed unequal peak depths of the two innermost lines 
of the in-field spectrum. The field-distribution approach on the one hand, and the spin-
relaxation concept on the other hand may be encountered in a same spinel compound, 
each one being predominant in a different temperature range. From a Mössbauer study 
on Ni0.25Zn0.75Fe2O4, Bhargava et al. (1976) concluded that the spectra can be described 
by a relaxation effect comparable to an assembly of paramagnetic ions having a ionic 
Zeeman splitting much larger than the crystal field splitting. The effect of normal 
superparamagnetic behaviour is here excluded. In a subsequent paper, Bhargava and  
Zeman (1980a)  reported again Mossbauer spectra of Zn0.75Ni0.25Fe2O4 at variable 
temperatures between 4.2 and 300K, but now in the presence of longitudinal external 
fields up to 80kOe. The experimental data support a localized-canting model of spins. 
The in-field spectra show magnetic hyperfine structure up to 300K with a splitting into A 
and B components. These components possess a relaxation broadening which is 
characteristic for ionic spin relaxation. The Néel temperature is found to be higher than 
350K, although the collapse of the magnetic splitting in the absence of an external field 
occurs at already at 250K. Because ionic spin relaxation cannot give rise to a collapse of 
the magnetic splitting below TN, it was concluded that this effect is due to 
superparamagnetism. These findings have led the authors to conclude that, for a high 
degree of magnetic dilution in the tetrahedral sublattice, isolated magnetic clusters come 
into existence at relatively high temperatures (T > 200K) and, as a consequence, both 
superparamagnetic and ionic-spin relaxation effects take place simultaneously. To our 
opinion, one of the most interesting results regarding Mössbauer studies on Ni-Zn ferrites 
was obtained by Uen and Tseng (1982). The spectra could be adequately fitted by using 
the perturbation theory of relaxation line shapes for magnetically ordered systems. 
Different relaxation rates were obtained for the A- and B-site ferric ions. They further 
found the rates to decrease with increasing Zn content, but, the decrease is about four 
times more pronounced for the octahedral ferric ions. It was suggested that the dominant 
part in the longitudinal relaxation mechanism was due to the modulation of the 
anisotropic part of the A-O-B superexchange interaction. This relaxation description is 
very important, although, it is now clear that the relaxation mechanism is in fact not a 
longitudinal but a transversal one as obtained in the re-entrant composition range. 
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Manganese-zinc ferrites, Mn1-xZnxFe2O4, have also been widely studied. These spinels 
are also close to normal, i.e. with nearly all Fe on the B sites. Cser et al (1968) studied 
the temperature dependence of the hyperfine fields in Mn-Zn ferrites with various 
compositions. The spectra were analyzed using different nearest-neighbor configurations 
and anomalous Hhf curves for high nearest-neighbor Zn concentrations were found. This 
was explained by the presence of Mn2+-Fe3+ exchange interactions and residual 
interactions via de Zn2+ ions replacing Mn2+ ions. From in-field Mössbauer spectra, 
canting of the B spins in Mn1-xZnxFe2O4 have been demonstrated by Morrish and Clark 
(1975) for x > 0.5. The canting is strongly dependent on the field strength. The spectra 
for the strongly magnetically diluted  compounds were also interpreted using three 
subspectra accounting roughly for large (B1), intermediate (B2) and low (B3) magnetic 
A neighbors. It was found that in the case of high external magnetic fields (9T) the B3 
spectrum corresponds to B-spin reversals. Relaxation in this system for high Zn 
concentration was observed by Gupta and Mendiratta (1977). 
It is clear that in view of possible applications in electronic devices most of the studies 
on substituted Zn ferrites were already performed before spin-glass behaviour in such 
materials has been discovered. The interpretation of the obtained results were then also 
more directed towards known features such as superparamagnetism or ionic spin 
relaxation, even without a good understanding where the latter would be coming from. 
IV.2.3. Cr-containing spinels 
Although the materials studied in this work do not contain chromium, it is worth to 
describe briefly the results found on Cr-containing spinels, because with their strong 
antiferromagnetic B-B interaction they were the first materials suggested to be good 
candidates for spin-glass behaviour in spinels. An interesting system that has been widely 
studied is ZnGa2(1-x)Cr2xO4. Starting from the compound ZnCr2O4 which is tetragonally 
distorted and antiferromagnetic below 13K (Varret et al., 1971), diamagnetic Ga3+ 
cations are introduced diluting magnetically the octahedral sites. The frustration on the 
latter and the randomness of magnetic bounds fulfil the necessary conditions for spin-
glass behaviour. This zinc-gallium chromite series has been extensively studied over a 
broad composition range by neutron diffraction and susceptibility measurements (Fiorani 
et al., 1983a, 1983b, 1984, 1985) and Mössbabauer spectroscopy using a small amount 
of  Fe3+ substituting for Cr3+ (Dormann et al., 1982a, 1986).  From all the collected data a 
magnetic phase diagram was composed by Saifi et al. (1988) showing the different 
magnetic phases as a function of composition and temperature (Fig. IV.6). It is worth to 
remark that also here magnetic clusters are shown to play a role in the description of the 
magnetic behaviour at low dilution (0.7 < x < 1.0). 
Two iron-containing Cr spinel series, MgFe2-xCrxO4 and Mg1-xZnFe1.5Cr0.5O4 have been 
investigated with Mössbauer spectroscopy by de Bakker (1993) in this laboratory.  
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Fig. IV.6. Magnetic phase diagram of the spinel system ZnGa2(1-x)Cr2xO4 derived from neutron 
diffraction ( ), susceptibility measurements () and Mössbauer spectroscopy (z) 
(after Saifi et al, 1988). 
These materials were chosen because the magnetic dilution in these Cr spinels occurs in 
a different way in both systems. The cation distributions have been determined from 
XRD intensities and from external-field Mössbauer spectroscopy. It was shown that for 
the MgFe2-xCrxO4 series the cation distribution varies linearly from the inverse spinel 
(Fe3+)A[Mg2+Fe3+]BO4 to the normal spinel (Mg2+)A[Cr3+2]BO4 whereas in the case of the 
Mg1-xZnFe1.5Cr0.5O4 series, the cation distribution evolves almost linearly from  
(Fe3+0.7Mg2+0.3)A[Mg2+0.7Fe3+0.8Cr3+0.5]BO4 to (Zn2+)A[Fe3+1.5Cr3+0.5]BO4.  
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Fig. IV.7. Magnetic phase diagram of              Fig. IV.8. Magnetic phase diagram of 
         the system MgFe2-xCrxO4.                          the system Mg1-xZnFe1.5Cr0.5O4.    
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Combining all the results of the Mössbauer measurements collected at various 
temperatures and with and without external field the magnetic phase diagram for both 
compounds could be derived (de Bakker, 1993, de Bakker et al., 1997). They are shown 
in Figs. IV.7 and IV.8.  
It can be observed that both phase diagrams are much more simple than in the case of 
ZnGa2(1-x)Cr2xO4. Also there were no direct indications of superparamagnetic cluster-like 
features. In that respect it is worth to remark that in the synthesis of both series of 
materials all batches have been presintered at high temperatures (900°C) and were 
several times reheated at higher temperatures (1000°C and 1200°C). 
IV.2.4. Ti-containing spinels 
Diamagnetic Ti4+ is an interesting cation from the point of view of implementing  
selective magnetic dilutions in spinels because of its relatively strong preference for 
octahedral sites. In combination with Zn2+ or Mg2+ it can replace the trivalent cations or 
also divalent cations if combined with Li+. The latter has been the case for Li-Fe-Ti 
spinels which have been extensively investigated by Dormann and co-workers 
(Dormann, J.L. et al., 1980; Dormann et al., 1982b; Dormann et al., 1987). For the 
system Li0.5+0.5tFe2.5-1.5tTitO4, the cation distribution for 0.735 ≤ t ≤ 1.25, derived from X-
ray and neutron diffraction turned out to be (Li+0.5tFe3+1-0.5t)A[Li+0.5Fe3+1.5-tTi4+t]BO4 
showing a gradual dilution on A and B sites with increasing t. For high Ti substitution re-
entrant spin-glass behaviour has readily been recognized from susceptibuility and 
Mössbauer spectroscopic measurements. On the other hand, cluster structures were found 
in Li-Zn-Ti ferrites by Ligenza and Konwicki (1988) using neutron scattering. 
Superparamagnetic cluster features were also brought forward by susceptibility and 
Mössbauer measurements in the spinel Zn0.5Co0.9Fe1.2Ti0.4O4 (Singh and Bhargava, 1995) 
The case of the Mg2+-Ti4+ substitution for Fe3+ in MgFe2O4 is one of the most interesting 
magnetically diluted spinel system. This spinel series was first studied thoroughly by De 
Grave and co-workers using Mössbauer spectroscopy. Apart from the interesting 
magnetic properties of Mg1+tFe2-2tTitO4 in the low t range, it was found that for high 
diamagnetic substitutions superparamagnetic clusters play a dominant role in these 
materials (De Grave et al.,1979). However, a totally different picture for the magnetic 
properties of the same compounds have been brought forward by Brand et al. (1985) 
from a Mössbauer study and from additional susceptibility measurements. This system 
was already considered by Scholl and Binder (1980) to be a good example of 
competition between percolation and frustration which would lead to spin-glass 
behaviour. Brand et al. found the Mg-Ti ferrites with sufficient high dilution (t = 0.5 and 
0.6) to behave as a semi-spin-glass (re-entrant spin glass) as proposed by Villain (1979). 
Apart from the normal paramagnetic-ferrimagnetic transition, the second transition 
between ferrimagnetic and spin-glass-like state was clearly observed by an anomaly in 
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the slope of the magnetic hyperfine field versus temperature. Materials with still higher 
dilution (t = 0.7 and 0.8)  were found to be spin-glasses as corroborated by the observed 
cusp in the DC susceptibility measurements. The sample with t = 0.85 did not show any 
magnetic order down to the lowest available temperatures (2K) and could be considered 
as a paramagnet. From all the collected data a magnetic phase diagram could be 
composed for this system (Fig. IV.9)  
 
Fig. IV.9. Magnetic phase diagram of the system Mg1+tFe2-2tTitO4 (after Brand et al., 1985) 
The spin-glass and re-entrant spin-glass magnetic structure in this spinel series has later 
on been confirmed by Mirabeau et al. (1997) using neutron diffraction study. By 
magnetization measurements the re-entrant spin-glass behaviour has been investigated 
for the sample Mg1.55Fe0.9Ti0.55O4 by Gavoile et al. (1997). High-field magnetization 
measurements confirmed the re-entrant character of the spin-glass transition, but on the 
contrary, low-field magnetization measurements did not show any transition nor from 
paramagnetism to ferrimagnetism, neither at low temperatures to spin-glass. They 
suggested that dipolar interactions seem to be relevant in suppressing both transitions.  
IV.2.5. Compositional magnetic phase diagrams 
Compositional magnetic phase diagrams, i.e. the magnetic structure depending on the 
magnetic concentration on A and B sites, were for the first time presented by Villain 
(1979) for tetragonal and cubic spinels (Fig. IV.10). One can observe that in both cases 
spin-glass and semi-spin-glass behaviour is obtained for a broad range of magnetic 
concentrations on A and B sites. Only for nearly 100% A-site magnetic concentration 
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ferrimagnetism is present. On the other hand, paramagnetism is obtained for B-site 
magnetic concentrations below about 30%. 
 
Fig..IV.10. Schematic compositional magnetic phase diagram at 0K for (a) tetragonal 
spinels and (b) cubic spinels (after Villain, 1979). P = paramagnetic; SG = spin glass; SSG 
= semi-spin glass; Fi = ferrimagnetic 
Later on, Poole and Farach (1982) proposed another compositional phase diagram for 
cubic spinels by neglecting A-A interactions. In their schematic diagram (Fig. IV.11), a 
large central part around 50% of concentration of magnetic ions on both A and B sites 
turned out to result in spin-glass behaviour. A smaller region with high magnetic 
concentration on both sites yields ferrimagnetism, whereas a high concentration on only 
one site results in antiferromagnetism. Also, a low amount of magnetic B ions makes the 
spinel paramagnetic.  
 
 
Fig.IV.11. Schematic compositional magnetic phase diagram at 0K for cubic spinels (after 
Poole and Farach, 1982). P = paramagnetic; SG = spin glass; A = antiferromagnetic; 
Fi = ferrimagnetic 
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All these diagrams were only first attempts to predict the magnetic behaviour in spinels 
depending on their concentration of magnetic ions on A and B sites and seem to deviate 
by far from experimental reality. 
Dormann and Nogues (1990) collected and discussed the results of magnetic studies on 
spinel compounds obtained from their work and from a vast collection available in 
literature. They could devide the various magnetic systems into two main categories, i.e. 
the spinels containing a weak antiferromagnetic B-site interaction as occurs with 
octahedral Fe3+ and the spinels with strong anisotropy or containing a strong 
antiferromagnetic B-site interaction as happening with octahedral Cr3+. From the 
experimental data they were able to compose compositional phase diagrams. The phase 
diagram of the first category, which is related to the present work, is represented in Fig. 
IV.12.  
 
Fig. IV.12. Experimentally derived compositional phase diagram for spinel systems with weak 
antiferromagnetic B-B interactions (after Dormann and Nogues, 1990): 
z ferrimagnetic order;   limiting case between ferrimagnetic order and LCS;  
| LCS or perturbed ferrimagnetic order; U spin-glass-like behaviour;  
S spin-glass state; | paramagnetic phase;  antiferromagnetic phase;  
σ = other systems than Fe3+ containing spinels; σ+ = mixed systems;  
PL1 en PL2 = percolation limits. 
1 
2 
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In the diagram different regions can be observed. For low magnetic concentrations on 
both sites the spinels behave paramagnetic. When the magnetic concentration is 
increased the compounds behave as spin-glass or are at least spin-glass like.  In the 
extreme cases of magnetical B spinels or A spinels, i.e. with only one site nearly fully 
occupied with magnetic ions, antiferromagntism or perturbed antiferromagnetism 
appears. A large part of the central region of the phase diagram is dominated by what 
they called localized canted states (LCS). This term covers all situations in which the 
spinel shows locally canted ferrimagnetism or semi-spin glass (re-entrant spin glass) 
behaviour. Finally, at relatively high concentrations on both sites, the classic 
ferrimagnetic order is present.  
Some borders of the regions can be theoretically defined using bond percolation. First of 
all Hubsch et al. (1978) calculated the percolation threshold including AB, AA and AB 
bonds. This results in the lower border line PL2 in Fig.IV.8. This line separates the spin-
glass region from the paramagnetic region. For higher concentrations the percolation 
threshold with only AB bonds becomes important and will separate the spin-glass region 
from region of LCS. This percolation line has been calculated by Scholl and Binder 
(1980). It can be observed that the experimental magnetic observations in the spinel with 
weak BB interactions follow rather well the percolation bounderies. This is not the case 
for strong anisotropic systems or strong B-B interactions, for which the spin-glass region 
turned out to be much more extended.  
It is worth to remark at this point that the experimentally observed magnetic features in 
spinels as found in literature do not all follow the above phase diagram. Numerous 
systems have been found to exhibit mixed paramagnetic and ferrimagnetic behaviour 
pointing rather to some superparamagnetism (Ishikawa, 1962; De Grave et al.(1979); 
Bhargava and Zeman,1980a). Also, in the discussion of the results of spinel systems in 
the paper by Dormann and Nogues (1990) there were still some magnetic features that 
were not quite clear. For instance, the (super)paramagnetic component observed in the 
Mössbauer spectra of Li1.125Ti1.25Fe0.625O4 could not coop with the expected LCS 
(Dormann et al., 1987). So, it is quite comprehensible that in many systems the spin-
glass behaviour is partly disturbed by the presence of magnetic clusters. The occurrence 
of such magnetic clusters were also reported in various re-entrant spinel systems by 
Srivastava et al. (1988) and Zakaria et al. (2003) and are generally catalogued as cluster 
spin glasses. It will be shown in this work that the method of the preparation of the spinel 
compound plays a crucial role in the obtained magnetic behaviour.  
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Chapter V 
Experimental results: structural properties 
 
V.1. Preparation of the samples 
Samples of the mixed spinel ferrites system having the general chemical formula                    
Mg1+x-yFe2(1-x)NiyTixO4 with  y = 0.1 and x = 0.5, 0.6, 0.7 and with x = 0.7 and y varying 
from 0.1 to 0.3 have been prepared by a conventional solid state reaction sintering 
technique at 1300 °C. The appropriate stoichiometric amount in grams of the high purity 
starting materials of MgO, NiO, TiO2 and Fe2O3 are shown in Table V.1 for all samples. 
Table V.1.  Weight of the starting oxides (in grams). 
x Compounds with y = 0.1 Fe2O3 MgO NiO TiO2 %Fe 
0.5 Fe1.0Mg1.4Ni0.1Ti0.5O4 4.353 3.072 0.407 2.174 30.411 
0.6 Fe0.8Mg1.5Ni0.1Ti0.6O4 3.559 3.364 0.416 2.666 24.864 
0.7 Fe0.6Mg1.6Ni0.1Ti0.7O4 2.729 3.669 0.425 3.181 19.067 
y Compounds with x = 0.7 Fe2O3 MgO NiO TiO2 %Fe 
0.1 Fe0.6 Mg1.6Ni0.1Ti0.7O4 2.729 3.669 0.425 3.181 19.067 
0.15 Fe0.6 Mg1.55Ni0.15 Ti0.7O4   2.703 3.520 0.631 3.150 18.883 
0.2 Fe0.6 Mg1.5Ni0.2 Ti0.7O4 2.677 3.373 0.834 3.119 18.701 
0.25 Fe0.6 Mg1.45Ni0.25 Ti0.7O4 2.651 3.230 1.032 3.090 18.523 
0.3 Fe0.6 Mg1.4 Ni0.3Ti0.7O4 2.626 3.089 1.227 3.061 18.349 
 
The starting oxides NiO, MgO, TiO2 and Fe2O3 were firstly dried at 250 °C for 12 hours. 
After careful weighting they were intimately ball mixed in a rotating agate mortar during 
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12 hrs. The resulting mixtures were then pressed into bars under the pressure of 
5 tons/cm2 and pre-fired at 900 °C for 18 hrs. After milling and pressing again, the 
samples underwent a single sintering at 1300 °C for 24 hrs in air. These as-prepared 
samples are further denoted as AP samples. Because these spinel materials have a 
temperature dependent cation distribution all samples were slowly cooled at rate of 5 
°C/min in order to obtain the low-temperature equilibrium. However, a selection of 
samples has also been quenched in water from the sintering temperature. Part of the final 
products have again been milled, pressed and re-sintered at 1300 °C during 48 hrs  for 
three times (RH samples). As will be shown in Chapter VI the magnetic properties did 
not change significantly after performing the reheating process for three times. 
V.2. Structural characterization 
The structural properties of our samples were examined by X-ray powder diffraction 
using Cu-Kα-radiation. Fast XRD scans for first visual structure control were performed 
on a Siemens D5000 diffractometer. For more precise work, XRD data were collected on 
a Philips Analytical X-Ray diffractometer, type PW3710, in an angle range 2θ of 15- 
80°, with a step size 0.020° and a counting time of 5 seconds per step. Some 
difractograms are shown in Fig. V.1.  
 
Fig. V.1.  X-ray powder diffraction patterns of  Fe2(1 – x ) Mg (0.9 + x) Ni0.1Tix O4  
with  (x = 0.5, 0.6, and 0.7) 
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The patterns of all samples showed the same reflections corresponding to a pure cubic 
spinel structure belonging to Fd3m space group. All lines are close to instrumental 
broadening and no other reflections or shoulders on the lines could be observed. The 
XRD patterns were further analysed using Xfit-Koalarie program (Cheary and Coelho, 
1996) providing peak positions, the line width and the relative areas. The corresponding 
interplanar distances dhkl have been calculated from the Bragg angle θr and the hkl values. 
In order to determine the lattice parameters (a) as accurately as possible, the values of 
ahkl for each peak are plotted against the Nelson-Riley function  
 
2 2cos cos1( )
2 sin
r r
r
r r
F
⎛ ⎞θ θθ = +⎜ ⎟θ θ⎝ ⎠
 (V.1) 
The results for the three most important samples with y = 0.1 and x = 0.5, 0.6 and 0.7 are 
displayed in Tables V.2, V.3 and V.4 repectively.  
The XRD plots are shown in Fig. V.2 for the AP samples with y = 0.1 and x = 0.5, 0.6, 
0.7 and one RH sample with y = 0.1 and x = 0.5. It is worth to remark that the lattice 
parameter of the samples after several heat treatments (RH samples) remain the same as 
for the AP samples. 
The lattice parameters were found to be 8.4246 Å, 8.4286 Å and 8.4318 Å for x = 0.5, 
0.6, and 0.7 respectively and the variation of the lattice parameter with concentration is 
shown Fig. V.3. The lattice parameter exhibits more or less a linear dependence with the 
composition parameter x, showing to obey Vegard’s law. 
Table V.2. The XRD parameters for AP-sample: FeMg1.4Ni0.1Ti0.5O4  
2θr Rel. area FWHM dhkl h k l F(Өr) a (Å) 
18.201  16.88  0.0807  4.8725  111  6.1544  8.4394 
29.964  46.05  0.1116  2.9812  220  3.5913  8.4321 
35.296  201.7  0.1196  2.5421  311  2.9736  8.4312 
36.960  3.67  0.2602  2.4313  222  2.8150  8.4224 
42.910  107.1  0.1550  2.1070  400  2.3422  8.4279 
46.932  1.00  0.0699  1.9354  331  2.0852  8.4360 
53.218  29.97  0.1340  1.7206  422  1.7543  8.4292 
56.735  127.4  0.1440  1.6220  511‐333  1.5979  8.4282 
62.300  217.4  0.1504  1.4898  440  1.3827  8.4276 
65.483  8.772  0.1371  1.4249  531  1.2741  8.4297 
70.667  15.58  0.1291  1.3325  620  1.1160  8.4276 
73.699  46.22  0.1643  1.2850  533  1.0327  8.4263 
74.701  14.82  0.1799  1.2702  622  1.0065  8.4257 
78.647  24.90  0.1808  1.2161  444  0.9091  8.4252 
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Table V.3. The X-ray parameters for AP-sample: Fe0.8Mg1.5Ni0.1Ti0.6O4  
2θr Rel. area FWHM dhkl h k l F(Өr) a (Å) 
18.215  24.84  0.0937  4.8688  111  6.1495  8.4331 
29.975  46.98  0.0921  2.9801  220  3.5898  8.4290 
35.307  217.8  0.1057  2.5413  311  2.9724  8.4285 
36.953  3.937  0.2043  2.4318  222  2.8158  8.4241 
42.916  106.1  0.0974  2.1067  400  2.3418  8.4268 
46.946  34.67  0.1239  1.9348  331  2.0843  8.4335 
53.219  131.4  0.1297  1.7206  422  1.7542  8.4291 
56.725  203.4  0.1194  1.6223  511‐333  1.5983  8.4296 
62.290  12.09  0.0917  1.4900  440  1.3830  8.4288 
65.476  14.13  0.1377  1.4250  531  1.2744  8.4305 
70.642  43.83  0.1309  1.3329  620  1.1167  8.4301 
73.670  17. 09  0.1334  1.2854  533  1.0334  8.4292 
74.666  24.38  0.1395  1.2707  622  1.0074  8.4290 
78.602  24.84  0.0937  1.2167  444  0.9101  8.4293 
 
 
 
Table V.4. The X-ray parameters for AP-sample: Fe0.6Mg1.6Ni0.1Ti0.7O4  
2θr Rel. area FWHM dhkl h k l F(Өr) a (Å) 
18.262  218.2  0.108  4.8564  111  6.1330  8.4116 
30.008  339.7  0.107  2.9769  220  3.5854  8.4200 
35.335  1544  0.106  2.5394  311  2.9697  8.4222 
36.978  22.23  0.196  2.4302  222  2.8134  8.4185 
42.932  777.0  0.106  2.1060  400  2.3407  8.4239 
46.992  6.298  0.099  1.9330  331  2.0817  8.4259 
53.240  134.1  0.105  1.7200  422  1.7533  8.4261 
56.747  630.4  0.107  1.6217  511‐333  1.5974  8.4265 
62.305  992.7  0.109  1.4897  440  1.3825  8.4270 
65.501  51.59  0.105  1.4245  531  1.2736  8.4276 
70.663  47.41  0.117  1.3326  620  1.1161  8.4279 
73.679  152.1  0.117  1.2853  533  1.0332  8.4282 
74.672  52.08  0.120  1.2706  622  1.0072  8.4285 
78.602  92.31  0.112  1.2167  444  0.9101  8.4293 
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Any change in chemical compositions x will result in a corresponding adjustment of the 
structural parameters, such as lattice parameter a and oxygen parameter u. This is due to 
that difference in the ionic radii of the involved cations, in which the larger ionic radii 
 
Fig. V.3. Effect of concentration x on the 
lattice parameter a in the materials with 
 y = 0.1. 
 
Fig. V.2. The refinement for the lattice 
parameters by using the Nelson-Riley procedure 
for the as-prepared samples with (x = 0.5, 0.6, 
and 0.7) and for the reheated sample with x = 
0.5. 
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cause an expansion of unit cell volume resulting in an increase of the lattice parameter. 
With respect to Mg2+ it was shown that in Mg1.3- xFe1.4ZnxTi0.3O4 (De Grave et al., 1980) 
and the system Mg1-xZnxFe2O4 (Mazen et al., 2003) the increase of the lattice parameter 
was due to the replacement of Mg2+ with a relatively small radius (0.66Å) by the larger 
Zn2+ ion (0.74Å) on the tetrahedral sites. In the system Mg1+tFe2-2tTitO4 (De Grave et al., 
1975) with Ti4+ expected to be only present on the octahedral sites (Blasse, 1964), the 
replacement of 2Fe3+ by Mg2+ and Ti4+ results in a substitution of Mg2+ions for Fe3+ on 
the A-sites and Ti4+ for Fe3+ on the B-sites.  The increase of the lattice parameter can be 
explained by both the ionic radii of Mg2+ (0.66Å) and Ti4+ (0.68Å) being higher than that 
of Fe3+ (0.64Å). Moreover, the stronger covalent bonding character of Fe3+ on tetrahedral 
sites may reduce its effective radius also resulting in a larger effect by replacing it by 
Mg2+. This is also observed in the large difference of the lattice parameter between 
slowly cooled MgFe2O4 with 6% Mg on A sites and quenched MgFe2O4 with 20% Mg 
on A sites (De Grave et al., 1975), showing that the A-site occupation plays the dominant 
role in the lattice parameter.  A similar strong increase is found by replacing tetrahedral 
Fe3+ by Mg2+ in a (Ni,Mg,Fe,Cr)O4 spinel system (Gismelseed et al., 2008). In our 
system, Ni2+ is expected to be solely on the octahedral sites (Blasse, 1964) and the 
observed increase of the lattice parameter can therefore similarly be explained by the 
replacement of Fe3+ by Mg2+ on the tetrahedral sites in the first place and probably to 
some small extent by replacing Fe3+ by Ti4+ on octahedral sites. 
The Nelson-Riley procedure in order to obtain the lattice parameter has been applied for 
all the other samples. For the series Fe0.6Mg1.7-yNiyTi0.7O4 the variation of the lattice 
parameter with y, i.e. the concentration of Ni2+ is shown in Fig. V.4 for slowly-cooled 
and quenched samples.  
 
Fig. V.4. Effect of the Ni2+ concentration y on the lattice parameter in the materials  
with x = 0.7. (z slowly-cooled samples; | quenched samples) 
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It can be observed that the lattice parameter decreases with increasing Ni2+ content. At 
first sight this looks controversial because the ionic radius of Ni2+ (0.69 Å) is larger than 
that of Mg2+ (0.66Å). The decrease can only be explained by admitting that Ni2+ does not 
replace Mg2+ on the B sites, but rather the Fe3+ which migrates to the A sites, replacing 
Mg2+ in that sublattice. The stronger covalent bonding of Fe3+ reducing its radius and the 
smaller amount of Mg2+ in the small tetrahedral interstices may then result in a lower 
lattice parameter. The lattice parameters of the quenched samples are systematically 
higher than those of the slowly-cooled ones again due to the higher Mg2+ content on the 
A sites. 
The distribution of Fe3+ among both lattice sites in the samples investigated more 
thoroughly in what follows is obtained from external-field Mössbauer measurements and 
will be discussed in the next chapter. 
 
 
References 
Blasse, G. (1964)  Philips. Res. Repts. Suppl. N3.  
De Grave, E, De Sitter, J. and Vandenberghe, R. (1975) Appl. Phys. 5, 117. 
Cheary, R.W. and Coelho, A.A., (1996). Programs XFIT and FOURYA, deposited in CCP14 
Powder Diffraction Library, Engineering and Physical Sciences Research Council, 
Daresbury Laboratory, Warrington, England.  
(http://www.ccp14.ac.uk/tutorial/xfit-95/xfit.htm) 
De Grave, E., Chambaere, D., and Robbecht, G. (1980), Phys. Stat. Sol (a) 59, 581. 
Gismelseed, A.M., Widatallah, H., Al-Raswas, A.D., Al-Omari, L., Elzain, M. and Youssif, A. 
(2008), Hyperfine Interact 184, 105.  
Mazen, S. A., Mansour, S. F. and Zaki, H. M. (2003), Cryst. Res. Technol. 38, 471. 
 
 Chapter V 
 
- 78 - 
 
 
Experimental results: magnetic properties  
- 79 - 
 
 
Chapter VI 
Experimental results: magnetic properties 
 
VI.1. Mössbauer measurements on Fe0.6Mg1.6Ni0.1Ti0.7O4 (x = 0.7). 
VI.1.1. Mössbauer spectroscopy on the as-prepared sample. 
57Fe Mössbauer spectra for the as-prepared (AP) sample have been collected at different 
temperatures between 4K and room temperature (RT). The spectra are displayed in 
Fig. VI.1. The spectra were all fitted with a sextet and a doublet up to 45K. For the sextet 
a hyperfine field distribution has been considered in which the hyperfine field was 
linearly correlated with the isomer shift in order to account more or less for the two sites 
with different isomer shift. At higher temperatures, where the spectra consist mainly of 
two lines, the spectra were adjusted with two doublets. The hyperfine data are 
summarized in Table VI.1. 
One can readily observe that above 4K a significant increase of the doublet occurs at the 
expense of the sextet up to 15K (Fig. VI.2). This spectral feature is comparable to that of 
a non-uniform nanoparticle system. Therefore, this behaviour clearly fits in the picture of 
superparamagnetism and thus suggests the existence of magnetic clusters in this 
compound with varying volume V and corresponding blocking temperature TB which in 
the idealized case from the well-known relaxation formula (III.7) can be written as 
 eff ln MSB
K VT
k
τ= τ  
with Keff, an effective anisotropy constant, τMS the characteristic Mössbauer Larmor 
prescession time (≈ 2.5×10-8s) and τ0 approximately a constant of the order 10-9s. 
Although no quantitative information is used here, this relaxation formula shows that TB, 
i.e. the temperature at which a magnetic particle becomes superparamagnetic, increases 
linearly with the cluster volume. 
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Fig. VI.1. Mössbauer spectra of the AP sample (x = 0.7) at different temperatures. 
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Table VI.1. Hyperfine parameters for the AP sample (x = 0.7).  
 
T 
(K) 
Sextet  Doublet(s) 
δFe 
(mm/s) 
Hp(T) Hav (T) RA (%) δFe (mm/s) ΔEQ (mm/s) RA (%) 
4 0.39 46.6 41.4 98 0.4 0.56(f) 2 
6 0.39 45.2 36.5 92 0.4 0.56(f) 8 
8 0.43 45.1 33.9 86 0.41 0.56(f) 14 
10 0.41 45.1 33.0 73 0.41 0.56(f) 27 
15 0.41 8.1 31.7 47 0.40 0.56(f) 53 
20 0.43 49.4 38.3 28 0.40 0.56(f) 72 
25 0.38 49.5 39.5 23 0.40 0.56(f) 77 
35 0.41 48.4 39.5 20 0.40 0.56(f) 80 
45 0.40 48.6 40.1 19 0.40 0.56 81 
80 0.38(f) 49 39.3 12 0.39 0.57 88 
295 -- -- -- -- 0.30 
0.28 
0.43 
0.82 
66 
34 
Hp = most probable hyperfine field; Hav = average hyperfine field -  (f) = fixed in the fitting 
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Fig. VI.2.  Evolution of the fraction of sextet () and doublet (S) area with temperature 
for the AP sample (x = 0.7).  
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Above 20K there is still a fraction of the spectrum (20% of Fe) that remains a sextet and 
that only disappears at relatively high temperature (>150K). The evolution up to 40K of 
the hyperfine field distributions derived from the spectra is displayed in Fig. VI.3.  
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Fig. VI.3. Evolution of the hyperfine field with temperature in the AP sample (x = 0.7). 
Several maxima are observed and above 15K the contribution of the high field 
component diminishes only slowly with increasing temperature. Because neither 
additional lines nor shoulders on the XRD lines have been noticed which could point to a 
second spinel phase, this persisting sextet infers that also large clusters are intrinsically 
present in the compound. All these features suggest that the AP sample has a very 
inhomogeneous cation distribution leading to a variety of magnetic clusters. 
VI.1.2. Mössbauer spectroscopy on the reheated sample 
57Fe Mössbauer spectra for the sample (RH), obtained after performing a reheating 
process for three times, have been collected at different temperatures between 4K and 
room temperature (RT) and are shown in Fig. VI.4. All the spectra were fitted with one 
distributive sextet and a doublet except the spectra at high temperatures which have been 
fitted with two doublets. The spectrum at 4K has also been fitted with two distributed 
sextets (not shown). In the latter the first sextet showed a maximum-probability 
hyperfine field Hp = 43.5 T and an isomer shift δFe = 0.24 mm/s which could be roughly 
attributed to Fe3+ on A sites whereas the second sextet with Hp = 46.8 T and δFe = 0.51 
mm/s could arise from Fe3+ on B sites. The relative area ratio for A- to B-site iron 
amounted to about 33:67. This ratio corresponded well with that found for the two 
doublets resolved from the spectrum acquired at 295K. However, due to the strong 
overlap of the A-site and B-site sextets at 4K as well as of the A-site and B-site doublets 
at RT this ratio might be far from accurate. As shown later on, the ratio has been derived 
more accurately from external field measurements, yielding the result to be rather close 
to 20:80. 
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Fig. VI.4. Mössbauer spectra of the RH sample (x = 0.7) at different temperatures. 
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In the supposition that Ni2+ and Ti4+ are predominantly located on the B sites in spinel 
compounds (Blasse, 1964) and taking equal Mössbauer fractions for Fe3+ on both sites, 
the following formula  
( )3+ 2+ 3+ 2+ 2+ 4+0.12 0.88 0.48 0.10 0.72 0.70 4Fe Mg Fe Ni Mg Ti OA B⎡ ⎤⎣ ⎦  
can be proposed. This means that only 12% of the A sites and 29% of the B sites are 
occupied with magnetic ions. According to the compositional phase diagram for spinel 
ferrites obtained by Dormann and Nogues (1990) (Fig. IV.12) the present sample thus 
would just fall within the spin-glass region and surely below the A-B percolation limit. 
For simplicity, the spectra were also fitted with a hyperfine field distributed 
sextet correlated with the isomer shift and a doublet. The resulting parameters are listed 
in Table VI.2.  
Table VI.2. Hyperfine parameters for the RH sample (x = 0.7). 
 
T 
(K) 
Sextet  Doublet(s) 
δFe(mm/s) Hp(T) Hav (T) RA (%) δFe(mm/s) ΔEQ (mm/s) RA (%) 
4 0.38 45.9 42.31 100   0 
6 0.38 41.9 36.42 99 0.4 0.56(f) 1 
8 0.41 38.9 31.69 98 0.4 0.56(f) 2 
10 0.41 35.4 26.76 95 0.43 0.56(f) 5 
12 0.41 8.9 20.57 84 0.41 0.56(f) 16 
14 0.38 8.7 18.62 58 0.41 0.56(f) 42 
16 0.32 9.6 22.39 27 0.42 0.56 73 
20     0.41 
0.38 
0.44 
0.83 
50 
50 
80     0.40 
0.37 
0.44 
0.83 
73 
27 
295     0.31 
0.29 
0.44 
0.83 
70 
30 
Hp = most probable hyperfine field; Hav = average hyperfine field -  (f) = fixed in the fitting 
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In contrast to the AP sample the magnetic transition for RH is rather sharp. The evolution 
of the sextet and the doublet fraction spans only a small temperature region (14K), as can 
been seen in Fig. VI.5. Moreover, the doublet contribution remains very low below 10 K. 
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Fig. VI.5.  Evolution of the fraction of sextet () and doublet (S) area with temperature 
for the RH sample (x = 0.7). 
 
The strong difference in comparison with the as-prepared sample is also observed in the 
evolution of the hyperfine field distribution (Fig.VI.6) showing a sharp transition to 
lower field values. 
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Fig. VI.6. Evolution of the hyperfine field distribution with temperature 
 in the RH sample (x = 0.7). 
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Also the shape of the spectra evolves visibly in a completely different way than in the 
previous case. For instance, one could suggest that the doublet in the low-temperature 
spectra is actually not relevant, and that the spectra actually exhibit a kind of relaxation 
behaviour, such as proposed by Uen et al. (1982) for Ni-Zn ferrites and by Bhargava 
(1998) for the Mg(Fe,Al)2O4 spinel series. Hence, the magnetic transition in the RH 
sample is comparable to that to a spin-glass.  
Anyway, in contrast with the AP sample, there is for RH a clear transition between 
magnetic and paramagnetic behaviour at about 16K. It is further worth to remark that the 
typical spectral features correspond well with those found for the  
Mg1+xFe2(1-x)TixO4 spinel series (Brand et al., 1985) and particularly for the sample with 
 x = 0.7 which has a similar low spin-glass transition temperature.  
VI.1.3. Mössbauer spectroscopy in external field on the reheated sample 
In order to investigate more thoroughly the apparent SG magnetic behaviour in the RH 
sample, external-field Mössbauer measurements have been carried out in a longitudinal 
magnetic field of 6T. The spectra, together with the obtained hyperfine field 
distributions, are shown in Fig. VI.7. 
In contrast to the Mg-Ti ferrite series (Brand et al., 1985), the spectra of the present Ni2+ 
containing sample exhibit a somewhat better resolution for the A and B sites and could 
accordingly be fitted with two magnetic components. The area ratio within the sextet 
lines have been chosen to be 3:3R:1 with R = I2,5/I1,6, the intensity ratio of the 2nd (or 5th) 
line (ΔmI = 0 transitions) to the outer lines, as a fitting parameter. The intensities of the 
separate lines in a sextet are given by formula (I.21). The angle between the hyperfine 
field and the gamma-ray with respect to the longitudinal field, can then be calculated 
according to (I.36) 
 ( ) ( ) 11 2sin 3 2 3 4 1R R−θ = +⎡ ⎤⎣ ⎦   
It should be noted that θ corresponds here to the angle between the gamma ray and the 
effective hyperfine field Heff, the latter being the vector sum of the internal hyperfine 
field and the applied field Hex. For instance, the B-site hyperfine field Hhf,B, which is 
canted in an opposite way with respect to the external field, can be calculated from (I.35) 
 2 2hf , eff , ex eff , ex2 cosB B B BH H H H H= + + θ  
and the true canting angle from (1.37) 
 1 , ,sin sinB eff B B hf BH H
− ⎡ ⎤ϕ = θ⎣ ⎦  
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Fig.. VI.7. External-field Mössbauer spectra (left) and corresponding hyperfine field distributions 
(right) of the RH sample at different temperatures. 
 Chapter VI 
 
- 88 - 
 
The hyperfine data are summarized in Table VI.3.  From these results the following 
features were observed: 
(i)  the ratio of the areas for Fe in A sites to B sites seems to be consistently close to 
20:80 in the fitting of all the spectra, yielding a cation distribution according to 
the aforementioned compositional formula; 
(ii)  the presence of the 2nd and 5th line (ΔmI = 0 transitions) shows that there is a 
spin canting at low temperature; this canting can be merely ascribed to B-site 
spins because no appreciable contribution to these lines could be resolved for 
A-site Fe with lower isomer shift;  
(iii) the average canting angle <ϕ> decreases rapidly with temperature (Table VI.3); 
(iv)  the hyperfine field distribution is apparently broader on the B-sites in 
comparison with the one on the A sites (Fig. VI.7); 
(v)  the B-site Hhf distribution shifts to lower values with increasing temperature, 
clearly demonstrated by the average value Hhf,av of the hyperfine field that 
decreases faster to lower values than the most probable field value Hhf,p (Fig. 
VI.8); conversely, the width of the Hhf distribution of the A-sites does not 
change markedly with temperature and Hhf,av and Hhf,p follow a temperature 
behaviour as expected for a normal magnetic compound. 
Table VI.3. Hyperfine parameters and derived canting properties obtained from the external-field 
spectra of the RH sample (x = 0.7)   
T 
(K) 
site δFe 
(mm/s) 
Heff,p 
(T) 
Heff,av 
(T)
RA 
(%) 
<θ> 
(degr) 
Hhf,p 
(T) 
Hhf,av 
(T) 
<φ> 
(degr) 
<sin2φ> 
4 B 0.45 43.7 41.5 0.81 34.1 48.6 46.6 34.0 0.313 
A 0.34 50.9 50.4 0.19 0 44.9 44.4   
8 B 0.45 42.2 36.3 0.81 28.0 47.5 41.7 26.0 0.192 
A 0.36 49.8 49.2 0.19 0 43.8 43.2   
10 B 0.45 41.5 33.9 0.78 24.5 46.9 39.4 22.6 0.147 
A 0.34 49.0 48.3 0.22 0 43.0 42.4   
12 B 0.44 41.4 32.8 0.80 21.0 47.1 38.5 18.0 0.095 
A 0.33 49.2 48.3 0.20 0 43.1 42.3   
16 B 0.44 41.3 31.9 0.79 (18) 47 37 (15) (0.06) 
A 0.34 49.0 47.8 0.21 0 43.0 41.8   
Heff,p = most probable effective hyperfine field; H eff,av = average effective hyperfine field; () = large error 
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Fig. VI.8. Temperature dependence of the most probable (Hhf,p) and average (Hhf,av) 
hyperfine field, deduced from the external-field spectra of the RH sample (x = 0.7). 
All these features have to some extent been observed in the external-field spectra of 
magnetically diluted spinels such as Ni-Zn ferrites (Bhargava and Zeman, 1980), Mg-Ti 
ferrites (Brand et al., 1985), Li-Ti ferrites (Dormann et al., 1987), and Mg-Al ferrites 
(Bhargava et al., 2000). In some of mentioned spinel systems the A- and B-site Fe could 
not be separated in their MS spectra. However, in the case of Ni-Zn ferrite A- and B-site 
subspectra were well resolved showing also merely a B-site canting. In this particular 
system the behaviour of the B-site canting has been interpreted by a 2-state Yafet-Kittel 
model for which the canting disappears at higher temperatures, resulting in a collinear 
ferrimagnetic ordering (Bhargava  and Zeman, 1980). A- and B-site ferric components 
were also well resolved for the Li-Ti ferrites and canting in both sublattices could be 
concluded. A common feature in all the external-field spectra of the aforementioned 
spinel series is that the hyperfine field distribution drastically broadens asymmetrically 
with increasing temperature. Moreover, in the cases where A- and B-sites could be 
resolved, such as for Ni-Zn ferrites and for the present RH sample, this broadening 
mainly takes place for the subspectrum corresponding to the site where canting occurs. 
This finding suggests that the evaluated hyperfine field distributions also reflect to some 
extent a distribution of the canting angles.  
In order to separate more or less those two distributive effects, the 4K spectrum of the 
RH sample has been analysed with an appropriate double distribution procedure in which 
the hyperfine field and the canting angle were allowed to vary within specified upper and 
lower limits (de Bakker et al., 1990). The results from this fitting approach are 
represented as two-dimensional graphs in Fig. VI.9. Although the results of such an 
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analysis remain only indicative because of the remaining overlap of the A- en B-site 
subspectra, they seem to suggest that besides the B-site Hhf distribution, governed by 
various kinds of effects such as local distortions, supertransferred-hyperfine-field 
contributions and possibly spin relaxation, there exists a broad distribution of canting 
angles varying in the present case from about 60 degrees to zero (120 to 180 degrees in 
Fig. VI.9). This means that even at 4K large fluctuations in the canting angle remain to 
be effective and still lower temperatures are needed to further confine these fluctuations. 
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Fig. VI.9. Distribution of the hyperfine fields Hhf and the canting angles θ for the 
tetrahedral Fe (left) and the octahedral Fe (right) derived from the 4K external-field 
spectrum of the RH sample (x = 0.7). 
 
If, similarly to Brand et al. (1985) , the canting parameter <sin2φ> is considered one can 
observe that this parameter evolves linearly with temperature (Fig. VI.10). At about 16K 
the canting disappears which corresponds to the magnetic transition, whereas 
extrapolating to 0K yields <sin2φ> = 0.40 or an average true canting <φ> = 39°. 
 
Fig. VI.10.  Canting parameter vs. temperature for the RH sample (x = 0.7). 
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From the Mössbauer results presented above, it is clear that the RH sample contains a 
kind of spin-glass transition at 16K. The freezing of the B-site spins is in the first place 
due to the frustration resulting from the antiferromagnetic A-B and B-B interactions. On 
the other hand, each individual magnetic A-site cation with twelve B-site nearest 
neighbours will direct its moment opposite to the net moment of three to four B-site 
canted moments on the average. In the external field the B-site local net moments are 
aligned in the field and consequently the A-site moments are all aligned in an opposite 
way and are therefore mutually parallel. The strong magnetic dilution on the A site 
prevents the antiferromagnetic A-A interaction to be effective, resulting in the absence of 
frustration and consequently no canting on the A sites. 
With these results for x = 0.7 in mind one may suggest that for ferrites with lower 
magnetic dilution (x = 0.5 and 0.6), such as the semi-spin glasses in the Mg-Ti ferrite 
series (Brand et al., 1985), the B-site canted spins are probably also not collinear with 
those of the A-sites. The reduced hyperfine field observed above the freezing 
temperature Tf  in their materials can then be explained by a mere transverse fluctuation 
of exclusively the B-site spins as will be shown in the next sections to occur also for our 
samples with x = 0.5 and 0.6. 
VI.2.  Mössbauer measurements on FeMg1.4Ni0.1Ti0.5O4 (x = 0.5) and 
Fe0.8Mg1.5Ni0.1Ti0.6O4 (x = 0.6)  
VI.2.1. Mössbauer spectroscopy on FeMg1.4Ni0.1Ti0.5O4 (x = 0.5) 
The Mössbauer spectra of the as-prepared (AP) and reheated (RH) sample with dilution x 
= 0.5 have been collected between 4K and RT and are displayed in Fig. VI.11.  The 
sextets in the spectra have been fitted with a hyperfine field distribution linearly 
correlated with the isomer shift in order to account to some extent for the overlapping 
spectra of Fe in both sublattices. At high temperature the doublet of the RH sample 
spectrum was fitted with two Lorentzian-shaped doublets. The hyperfine data are 
summarized in Table VI.4 and VI.5. 
At first sight a quite different evolution with temperature is observed for the two 
samples. From 30 K on, the spectra of the AP sample contain already a doublet 
component which is well resolved from the sextet spectral components at high 
temperatures (120K – 200K). Further, there remains a weak sextet contribution with 
relatively high average hyperfine field present at higher temperatures even up to RT. So, 
it is clear that the doublet increases at the expense of the sextet comparable to 
superparamagnetic behaviour of particles with a wide range of volumes and 
corresponding blocking temperatures. This behaviour is similar to what has been 
observed for the sample with x = 0.7. The gradual change of sextet into doublet is 
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displayed in  
Fig. VI.12, left. In view of the observed narrow X-ray lines it can be concluded that the 
AP sample consists of a well crystallized pure spinel structure, however, being 
magnetically very inhomogeneous as a result of the presence of a large variety of 
magnetic clusters. The spectra of the RH sample show a completely different behaviour. 
The doublet is only for a small fraction present below 200K (see also Fig. VI.12, right). 
Above that temperature only a doublet is observed. It can be noticed that the temperature 
evolution in the spectra of the RH sample is rather typical of that of a spin relaxation 
effect and not of superparamagnetic behaviour. However, the relaxation effect for the 
present case is spread out over a relatively broad temperature range. Because of this 
relaxation effect, fitting the spectra with a superposition of a sextet and doublet, as done 
in this work, has in fact no direct physical sense, but is merely meant as a guide for the 
eye. The apparent doublets are to be considered as parts of the respective relaxation 
spectra. A worth mentioning example of a true relaxation approach for the interpretation 
of ferrite’s relaxational Mössbauer spectra was reported by Uen and Tseng (1982) for the 
 
Table VI.4. Hyperfine parameters for the AP sample (x = 0.5) 
 
T 
(K) 
Sextet  Doublet(s) 
δFe (mm/s) Hp(T) Hav (T) RA (%) δFe (mm/s) ΔEQ (mm/s) RA (%) 
4 0.53 49.1 48.2 100   0 
10 0.48 48.6 47.1 100   0 
20 0.45 48.0 46.3 100   0 
30 0.44 47.4 44.1 97 0.40 0.47 (f) 3 
40 0.44 46.8 42.7 96 0.32 0.47 (f) 4 
80 0.41 44.4 38.7 93 0.39 0.47 (f) 7 
100 0.41 42.9 36.9 90 0.44 0.47 (f) 9 
120 0.39 41.5 35.3 86 0.38 0.47 (f) 14 
140 0.36 39.7 33.8 81 0.36 0.47 (f) 19 
180 0.34 35.8 31.0 67 0.33 0.47 (f) 33 
200 0.33 36.2 30.2 58 0.33 0.47 (f) 42 
220 0.31 18.0 29.5 48 0.31 0.47 (f) 52 
240 0.27 18.2 29.7 39 0.30 0.47 (f) 61 
260 0.30 23.4 28.6 31 0.29 0.47 (f) 69 
280 0.40 23.7 29.2 25 0.28 0.47 (f) 75 
300 1.09 22.5 30.1 14 0.27 0.47  85 
    Hp = most probable hyperfine field; Hav = average hyperfine field  - (f) = fixed in the fitting 
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Table VI.5. Hyperfine parameters for the RH sample (x = 0.5) 
T 
(K) 
Sextet  Doublet(s) 
δFe (mm/s) Hp(T) Hav (T) RA (%) δFe (mm/s) ΔEQ (mm/s) RA (%) 
4 0.54 49.1 48.0 100   0 
10 0.52 48.0 47.1 100   0 
15 0.53 47.6 46.4 100   0 
20 0.54 47.2 44.4 100   0 
30 0.48 45.6 44.1 100   0 
40 0.48 45.4 42.7 98 0.12 0.53(f) 2 
80 0.42 42.1 38.6 97 0.23 0.53(f) 3 
100 0.39 40.0 35.8 96 0.56 0.53(f) 4 
120 0.38 37.7 33.2 95 0.45 0.53(f) 5 
140 0.38 34.9 29.6 95 0.36 0.53(f) 5 
160 0.36 31.5 26.3 93 0.37 0.53(f) 6 
180 0.33 26.6 22.2 91 0.35 0.53(f) 9 
200 0.33 09.1 16.5 86 0.34 0.53(f) 13 
220     0.34 
0.34 
0.40 
0.78 
74 
26 
240     0.32 
0.31 
0.40 
0.78 
70 
30 
293     0.30 
0.29 
0.40 
0.78 
67 
33 
 Hp = most probable hyperfine field; Hav = average hyperfine field - (f) = fixed in the fitting 
 
(Ni,Zn)Fe2O4 system for which the authors applied a longitudinal relaxation process, 
suggested to arise from modulations in the anisotropic part of the A-O-B superexchange 
interaction. Also, Bhargava et al. used a ionic spin relaxation model to explain the 
spectra of Zn0.5Co0.9Fe1.2Ti0.4O4 (Singh and Bhargava, 1995))  and Mg(Fe,Al)2O4 
(Bhargava, 1998). However, in their case a real quadrupole doublet component still 
needed to be added because of the presence of superparamagnetic clusters. The present 
authors believe, however, that their spectra can be merely described by a transversal spin 
relaxation between random canted states as has been proposed by Dormann et al. for 
Li1.125Ti1.25Fe0.625O4 (Dormann et al., 1987).  
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           Fig. VI.11. Mössbauer spectra of the AP sample (left) and RH sample (right) of  
FeMg1.4Ni0.1Ti0.5O4 (x = 0.5). 
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Fig. VI.12. Evolution of the paramagnetic (S) and the ferrimagnetic (z) fraction with 
temperature for the AP sample (left) and RH sample (right) both for x = 0.5. 
 
In order to show the effect of reheating on the magnetic properties of the sample, 
Mössbauer spectra have been recorded on a sample each time after a reheating cycle. The 
spectra at 200K of the different samples are shown in Fig. VI.13. It was found that the 
spectra did not change significantly after reheating three times. Therefore all investigated 
reheated samples (RH) have actually been reheated for three times. 
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Fig.. VI.13. Mössbauer spectrum at 200K of Mg1.4Fe0Ni0.1Ti0.5O4 (x = 0.5) as-prepared 
(AP) and reheated one time (RH1), two times (RH2) and three times (RH3). 
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VI.2.2. Mössbauer spectroscopy on Fe0.8Mg1.5Ni0.1Ti0.6O4 (x = 0.6) 
Mössbauer spectra of the as-prepared sample (AP) have been recorded between 80K and 
RT and showed the typical superparamagnetic behaviour as observed for the AP samples 
with x = 0.5 and 0.7.  
The Mössbauer spectra of the reheated (RH) sample with dilution x = 0.6 have been 
collected between 4K and RT and are displayed in Fig. VI.14.  The sextets in the spectra 
have again been fitted with a hyperfine field distribution linearly correlated with the 
isomer shift in order to account to some extent for the overlapping spectra of Fe in both 
sublattices. At high temperature the doublet spectrum was fitted with two Lorentzian-
shaped doublets. The hyperfine data are summarized in Table VI.6. The evolution of the 
spectra of the RH sample (x = 0.6) is similar to that of the sample with dilution (x = 0.5). 
It also shows the presence of a field-distributed sextet and a doublet and this might again 
be attributed to ionic spin relaxation rather than to superparamagnetism. The main 
difference is that the transition occurs at lower temperature (≈110K). However, it can be 
observed that the doublet contribution increases more gradually towards the transition 
temparure than in the case of x = 0.5 (Fig. VI.15). The reason for that is not quite clear, 
but we believe that the relaxation rate changes with dilution. 
Table VI.6. Hyperfine parameters for the RH sample (x = 0.6) 
T 
(K) 
Sextet  Doublet(s) 
δFe (mm/s) Hp(T) Hav (T) RA (%) δFe (mm/s) ΔEQ (mm/s) RA (%) 
4 0.53 48.7 47.1 100   0 
10 0.50 46.1 43.2 100   0 
20 0.45 41.6 35.3 97 0.37 0.55(f) 3 
25 0.43 40.1 32.7 95 0.41 0.55(f) 4 
30 0.42 39.3 31.5 94 0.39 0.55(f) 6 
35 0.43 38.4 30.6 92 0.41 0.55(f) 7 
40 0.43 37.7 29.8 91 0.41 0.55(f) 9 
60 0.41 32.5 26.4 80 0.40 0.55(f) 20 
80 0.47 26.5 23.4 76 0.40 0.55(f) 24 
100 0.53 09.8 19.8 52 0.38 0.55(f) 48 
120     0.37 
0.38 
0.39 
0.76 
62 
38 
295     0.30 
0.29 
0.38 
0.76 
61 
39 
   Hp = most probable hyperfine field; Hav = average hyperfine field - (f) = fixed in the fitting 
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Fig.. VI.14. Mössbauer spectra of the RH sample of Fe0.8Mg1.5Ni0.1Ti0.6O4 (x = 0.6). 
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Fig. VI.15. Evolution of the paramagnetic (S) and the ferrimagnetic (z) fraction with 
temperature for the RH sample with x = 0.6. 
 
VI.2.3.  Mössbauer spectroscopy in external field on Mg(0.9+x)Fe2(1–x)Ni0.1TixO4   
(x = 0.5 and 0.6) 
The 4K spectra of the RH samples in an external longitudinal magnetic field of 6T 
together with the derived hyperfine field distributions are displayed in Fig. VI.16. For 
comparison the spectrum of the sample with x = 0.7 is also shown. The hyperfine 
parameters and the derived canting information are presented in Table VI.7 again 
together with the data of x = 0.7.  
In all the external-field spectra at 4K the ΔmI = 0 lines (2nd and 5th line in the spectra) are 
present inferring spin canting. However, from the fitting it is observed that those lines 
belong merely to the B-site spectrum, which means that the canting only takes place in 
the B sublattice. This fits in with what has been found for the spin-glass sample with  
x = 0.7. It means further that the transversal relaxation only takes place on the B sites 
whereas the A sites have spins which are mutually remaining parallel in a direction that 
is opposite to the average direction of the B-site spins. 
The external-field spectra again provide quantitative information about the B-site spin 
canting. The average true canting <φ> and the canting parameter <sin2 φ> are given in 
Table VI.7. 
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Fig.. VI.16. External-field Mössbauer spectra at 4K (left) and derived hyperfine field 
distributions (right) of the RH samples 
 
 
Table VI.7. Mössbauer parameters and canting data obtained from the 4 K external-field spectra 
for RH-samples with x = 0.5, 0.6 and 0.7. 
x site δ  
(mm/s) 
Heff  
(T) 
Hav  
(T) 
RA  
(%) 
I2/I1 θ 
(deg) 
Hhf 
(T) 
Hav  
(T) 
<φ> 
(deg) 
<sin2 φ> 
0.7 B 0.45 43.7 41.5 81 0.32 38.5 48.6 46.3 33.9 0.31 
A 0.34 50.9 50.3 19 0 0 44.9 44.3 0  
0.6 B 0.45 44.6 43.1 69 0.13 24.9 50.1 47.0 21.9 0.14 
A 0.34 52.6 52.0 31 0 0 46.6 44.3 0  
0.5 B 0.47 45.1 44.5 61 0.03 12.1 51.0 49.0 10.7 0.03 
A 0.34 53.0 52.6 39 0 0 47.0 46.0 0  
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VI.3.  Magnetic behaviour of the Mg(0.9+x)Fe2(1–x)Ni0.1TixO4  spinel 
system and phase diagrams. 
VI.3.1. Compositional phase diagram. 
The spectral areas obtained from the external-field spectra enable to derive the 
distribution of Fe among both sublattices. If further the octahedral preference for Ti and 
Ni (Blasse, 1934) are again taken into account the cation distribution can be 
approximately represented by the formulas given in Table VI.8. The concentration of 
magnetic cations CA and CB in each sublattice as derived from the distributions is also 
given (Table VI.8) and illustrated in Fig. VI.17. 
Table VI.8. Cation distribution and magnetic concentration for the different RH samples as 
derived from external-field Mössbauer measurements. 
x Cation distribution CA CB 
0.5 ( )3+ 2+ 3+ 2+ 2+ 4+0.39 0.61 0.61 0.10 0.79 0.50 4Fe Mg Fe Ni Mg Ti OA B⎡ ⎤⎣ ⎦  0.39 0.35 
0.6 ( )3+ 2+ 3+ 2+ 2+ 4+0.25 0.75 0.55 0.10 0.75 0.60 4Fe Mg Fe Ni Mg Ti OA B⎡ ⎤⎣ ⎦  0.25 0.32 
0.7 ( )3+ 2+ 3+ 2+ 2+ 4+0.12 0.88 0.48 0.10 0.72 0.70 4Fe Mg Fe Ni Mg Ti OA B⎡ ⎤⎣ ⎦  0.12 0.29 
A B
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
 
Fig. VI.17. Concentrations of magnetic cations on each sublattice. 
The investigated materials with x = 0.5, 0.6 and 0.7 can now be represented in a 
compositional phase diagram based on the magnetic concentration on each sublattice 
(Fig.VI.18).  
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Fig. VI.18. The magnetic behaviour of Mg(0.9 + x)Fe2(1 – x)Ni0.1TixO4 (full circles) and of 
Mg(1 + x)Fe2(1 – x)TixO4 (open circles) presented in the phase diagram based on magnetic 
cation concentrations CB and CA on octahedral and tetrahedral sites respectively. The 
different magnetic areas are divided according to the percolation threshold lines (see text). 
The area is in the first place divided into three regions separated by the percolation 
limits. The paramagnetic region is marked off with a line corresponding to the 
percolation threshold including all AB, AA and BB bonds as calculated by Hubsch et al. 
(1982). The regions of the spin glass and the re-entrant spin glass are separated by a line 
corresponding to the AB-percolation threshold as given by Scholl and Binder (1980).  
We can observe that the threshold x2 between SG and RSG corresponds for our material 
with the composition x = 0.64 and the lower one x1 between SG and expected 
paramagnetic behaviour must lie around x = 0.76. For comparison, the data of the series  
Mg(1 + x)Fe2(1 – x)TixO4 based on the Mg2+ distribution derived from XRD intensities (De 
Grave et al., 1975), and which corresponds to the magnetic spin-glass behaviour 
observed by Brand et al. (1985), are also shown. 
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VI.3.2. Hyperfine field and transition temperatures. 
The evolution of the average hyperfine field with temperature is displayed in Fig. VI.19. 
This picture is very important because it reflects the various magnetic transitions 
occurring in these materials.  
 
Fig. VI.19.  Evolution of the average hyperfine field with temperature for the AP 
sample with x = 0.5 and the RH samples with x = 0.5, 0.6 and 0.7. 
Apart from the paramagnetic to ferrimagnetic transition temperature TN which is about 
220K and 120K for x = 0.5 and 0.6, respectively, a kink can be observed at about 20K for  
x = 0.5 and 25K for x = 0.6. This sudden change in the hyperfine field can be related to 
the freezing temperature Tf where the transversal spin component starts to freeze-in 
randomly. This can be explained as follows: the B-site magnetic moments are fluctuating 
with a relaxation time which is much smaller than that of the characteristic Mössbauer 
precession time (≈ 2.5×10-8s). This fluctuations are only transversal, so, there is a fixed 
longitudinal B-site moment. In that case the hyperfine field of the B-site Fe which is to 
some extent proportional to the magnetic moment does not have its maximal value. Also 
there is no observed canting. At the freezing temperature the B-site moment starts to 
freeze in random directions and the full hyperfine field is measured. In all the cases the 
A-site moment remains parallel to the net B-site moment and does not exhibit any 
canting. This transition to the so-called re-entrant spin-glass state is illustrated in Fig. 
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VI.20. For the sample with x = 0.7 the transition at Tf = 16K is a direct freezing transition 
from paramagnetism to spin glass. 
 
Fig. VI.20. Re-entrant spin-glass transition: transversal fluctuations of the B-site moment 
above Tf (left) and freezing in random directions  of the B-site moment below Tf (right). 
VI.3.3.  Mmagnetic phase diagram.  
From Table VI.7 it can be noticed that the true canting angle at 4K decreases rapidly with 
decreasing x and therefore the canting parameter <sin2ϕ> will similarly decrease. 
Extrapolating the canting parameter to zero (Fig. VI.21) leads to a threshold composition 
x3 of about 0.45 where canting will disappear and below which a rather classic 
ferrimagnetic spin arrangement will occur. 
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Fig. VI.21. Canting parameter at 4K vs. composition. 
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Considering  
• the observed transition temperatures TN between paramagnetism and 
ferrimagnetism for x = 0.5 and 0.6;  
• the observed freezing temperatures Tf to re-entrant spin glass (x = 0.5, 0.6) or 
directly to spin glass (x = 0.7); 
• the observed composition parameters x1 and x2 derived from the percolation 
thresholds; 
• the observed boundary composition x3 between re-entrant spin glass and pure 
ferrimagnetism 
a magnetic phase diagram can be drawn up and is presented in  
Fig. VI.22.  
 
0.4 0.5 0.6 0.7 0.8
Composition x
0
50
100
150
200
250
Te
m
pe
ra
tu
re
 (K
) paramagnetic
spin glass
ferrimagnetic
(with transversal 
B-site fluctuations)
re-entrant
 spin glass
x1x2x3
 
Fig. VI.22. Magnetic phase diagram for the Mg(0.9 + x)Fe2(1 – x)Ni0.1TixO4  spinel system. 
This phase diagram displays the various magnetic structures which can occur in such a 
magnetically diluted spinel system as a function of temperature and composition 
(dilution). This diagram is quite similar to those found for metallic spin glasses. The only 
differences reside in the meaning of the bounderies. In the case of our system the spin 
glass starts with decreasing magnetic dilution at the first percolation limit x1, whereas for 
metallic systems with long-range RKKY magnetic interactions spin-glass behaviour ends 
at the percolation threshold.  
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Chapter VII 
General conclusions 
 
 
VII.1. Studied materials. 
 
Spinel compounds are one of the most interesting materials for the fundamental study of  
various magnetic structures in oxides. In the present work the emphasis went to the study 
of a particular spinel series showing spin-glass behaviour which is evoked by a magnetic 
frustration on the octahedral sublattice. In the series Ni2+ was introduced in order to 
resolve better the A- and B-site iron in the Mössbauer spectra. A large variety of 
compositions in the series with formula Mg1+x-yFe2(1-x)NiyTixO4 with  x = 0.5, 0.6, 0.7 and 
y varying from 0.1 to 0.3 have been prepared from which samples were slowly cooled, 
reheated for several times and also quenched. However, this work has been restricted to a 
thorough X-ray and Mössbauer spectroscopic investigation of the samples with y = 0.1. 
This limitation was in the first place dictated by the intensive Mössbauer measurements 
with and without external field needed to obtain a clear picture of the magnetic behaviour 
in these materials. Moreover, it would be expected that the introduction of a higher 
amount of Ni2+ will reduce the aimed spin-glass behaviour because of the increasing 
amount of magnetic cations on the sublattices together with a reduction of the frustration 
due to the positive Ni2+-Ni2+ interactions on the octahedral sublattice.  
VII.2. Superparamagnetism versus spin glass. 
 
The early papers concerning magnetically diluted spinels all consider the materials to 
consist of magnetic clusters which behave in a similar way as superparamagnetic 
particles with a broad size distribution. This was especially observed by Mössbauer 
spectroscopy showing spectra containing simultaneously a sextet and a doublet and in 
which the latter increase at the expense of the sextet.  After some spin-glass behaviour in 
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such materials was recognized, the idea of superparamagnetic effects and clusters still 
remained to explain the observed magnetic features. Consequently, many papers refer to 
the term “cluster spin glasses”.  
In this work it has been shown that the preparation methodology is crucial in the 
outcoming magnetic behaviour of the spinel compounds. When the samples are prepared 
by a conventional solid state synthesis at high temperatures, the obtained materials 
exhibit superparamagnetic clusters with a broad range of cluster sizes notwithstanding 
the X-ray diffraction patterns show narrow lines of pure bulk compounds. When 
repeating the heating process for at least three times the magnetic behaviour does 
eventually not change anymore and a clear spin-glass or re-entrant spin glass regime is 
observed.  
Apparently, the diffusion processes in solid-state reactions remain very slow even at 
relatively high temperatures (>1000°C). It is suggested that other synthesis methods 
should be used. For instance, when preparing such spinel materials by wet methods (co-
precipitation) the parent metal oxides are more intimately mixed on an ionic scale and 
the samples obtained after a single heating procedure will probably suffer less from such 
magnetic non-homogeneities. 
VII.3. Spin-glass behaviour in Mg(0.9+x)Fe2(1–x)Ni0.1TixO4  (x = 0.5, 0.6 
and 0.7) 
This 57Fe Mössbauer spectroscopic investigation with the additional use of external 
magnetic fields permitted to obtain a complete picture of the spin-glass behaviour in this 
iron-containing spinel series. It has particularly been shown that the compound with  
x = 0.7 undergoes at 16K a transition from paramagnetism to a spin-glass regime whereas 
the less magnetically diluted compounds with x = 0.6 and 0.5 exhibit a double transition, 
i.e. from paramagnetism to a ferrimagnetic regime with transversal spin-glass relaxation 
at TN ≈ 120K and 220K, respectively, and finally to a re-entrant spin-glass at lower 
temperatures at Tf  = 25K and 20K, respectively 
It was also observed that in these materials in which the A-site magnetic dilution is larger 
than 60%, there is no canting on the tetrahedral sites which means that the A-site 
moments remain mutually parallel and opposite to the average B-site moment. 
All boundary values of composition and temperature could further be determined from 
the Mössbauer measurements, enabling to compose a complete magnetic phase diagram 
for this spinel system.  
Finally, the power of Mössbauer spectroscopy in such kind of investigations has been 
clearly demonstrated in this work. 
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SUMMARY 
 
This manuscript, submitted for obtaining the degree of PhD in Physics, reports the results 
of a fundamental research with respect to spin-glass behaviour in a series of materials 
with the spinel structure. 
The thesis starts with an introduction describing briefly the situation of the subject in the 
current research on magnetically diluted spinel compounds possessing competing inter- 
and intrasublattice antiferromagnetic interactions. Such materials have been reported to 
behave as superparamagnetic clusters on one hand and as spin glasses on the other.  The 
aim of the present work is to study some particular spinel system with the aid of 
Mössbauer spectroscopy and also to get an insight in the current controversial ideas 
concerning the magnetic behavior in such materials.  
Chapter I treats in a first part the theoretical background of Mössbauer spectroscopy. The 
various hyperfine interactions are explained and special emphasis has been put on the 
effect of an external magnetic field on the Mössbauer spectra. In the second part the 
various experimental features of this spectroscopic technique are summarized and in 
particular attention has been paid to the description of the used set-up with its facilities 
and on the methodology of spectral analysis used in this experimental work. 
Chapter II describes the structural properties of the spinel compounds. Apart from the 
crystallographic structure other typical features such as site preference of the cations of 
the transition elements and the resulting cation distribution among tetrahedral and 
octahedral sites are explained. 
The extensive possibilities of magnetic structures in spinel compounds are outlined in 
Chapter III. It is shown that besides the typical ferrimagnetism in such compounds, 
ordered magnetic structures with canting of the moments or even disordered structures 
with localized canting can occur. Some attention has also been paid to the concept of 
superparamagnetism because magnetic cluster formation can occur which shows features 
comparable to superparamagnetic small particles. 
Chapter IV is devoted to spin-glass behavior, which was first discovered in strongly 
magnetically diluted metallic systems. Similar effects have been found later on in semi-
conductors and in insulating magnetic oxides. Some spinel systems are described in 
which superparamagnetic clusters as well as spin-glass properties have been observed. 
Some phase diagrams which have been reported in literature are also rpresented. 
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In Chapter V the preparation method of the presently investigated materials is described 
and the experimental results concerning the structural properties from X-ray diffraction 
on the investigated samples are given. All XRD patterns from as-prepared, reheated and 
quenched samples exhibit sharp lines of a pure spinel compound and no foreign lines 
from segregations were observed. The obtained lattice parameters are discussed with 
respect to the ionic radii of the cations involved and their site preference. 
Chapter VI, as the most important chapter of this work, contains the results concerning 
the magnetic behavior of the spinel series Mg(0.9+x)Fe2(1–x)Ni0.1TixO4 with x = 0.5, 0.6 and 
0.7 as obtained from Mössbauer spectroscopy. On one hand, it has been found that the 
as-prepared sample with x = 0.7 exhibit an evolution of the Mössbauer spectra with 
temperature which is typical for a superparamagnetic behavior. This can be attributed to 
the presence of magnetic clusters with a wide range of sizes. On the other hand, after a 
reheating procedure which was three times repeated, the spectra reflect more a ionic spin 
relaxation and show a sharp transition at 16K to a spin glass. A similar difference in the 
magnetic behavior between the as-prepared and reheated samples has been found for the 
compositions x = 0.5 and 0.6. However, the evolution of the hyperfine field with 
temperature for these compositions shows clearly the presence of two transitions, i.e. a 
change from paramagnetism to ferrimagnetic order with a transverse relaxation and at 
lower temperature a further conversion to a transversal spin glass, known as re-entrant 
spin glass. From external-field measurements, the canting behavior has been determined. 
It has been found that these materials have only canted moments on the B site, whereas 
the A-site moments remain mutually parallel and opposite to the net B-site moment. 
From the Mössbauer measurements and the provided percolation thresholds reported in 
the literature, boundery values with respect to composition and temperature could be 
derived which enabled to compose a complete magnetic phase diagram. 
Finally, the main conclusions of this work are briefly summarized in Chapter VII. 
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SAMENVATTING 
 
Dit manuscript, dat werd neergelegd tot het behalen van de graad van Doctor in de 
Wetenschappen, groep Fysica, rapporteert de resultaten over een fundamenteel 
onderzoek aangaande het spinglasgedrag in een reeks materialen met de spinelstructuur.  
Het proefschrift start met een inleiding waarin kort het onderwerp wordt geplaatst in het 
huidig onderzoek op magnetisch verdunde materialen met competitieve 
antiferromagnetische interacties tussen en binnen de subroosters. Dergelijke materialen 
werden enerzijds vermeld zich te gedragen als superparamagnetische clusters en 
anderzijds als spinglazen. De doelstelling van dit werk omvat de studie van een bijzonder 
spinelssysteem met behulp van Mössbauerspectroscopie en om tevens een inzicht te 
verkrijgen in de gangbare tegenstrijdige ideeën aangaande het magnetisch gedrag in 
dergelijke materialen. 
Hoofdstuk I behandelt in de eerste plaats de theoretische achtergrond van 
Mössbauerspectroscopie. De verscheidene hyperfijnintereacties worden uiteengezet en 
bijzondere nadruk wordt gelegd op het effect van een extern magnetiesche veld op de 
Mössbauerspectra. In het tweede deel worden de diverse experimentele kenmerken van 
deze spectroscopische techniek weergegeven en in het bijzonder wordt aandacht besteed 
aan de gebruikte opstelling met haar faciliteiten en aan de methodologie van de 
spectraalanalyse die in dit werk wordt gebruikt. 
Hoofdstuk II beschrijft de structurele eigenschappen van de spinelverbindingen. Naast de 
crystallografische structuur worden typische kenmerken uiteengezet zoals de voorkeur 
van de kationen van de overgangselementen voor bepaalde roosterplaatsen en de 
resulterende kationendistributie over de tetraêdrische en octaêdrische roosterplaatsen. 
De uitgebreide mogelijkheden van magnetische structuren in de spinelmaterialen komen 
aan bod in hoofdstuk III. Er wordt aangetoond dat naast het typische ferrimagnetisme in 
dergelijke verbindingen ook geordende magnetische structuren met kanteling van de 
momenten of zelfs met gelokaliseerde kantelingen voorkomen. Aandacht wordt eveneens 
besteed aan het begrip superparamagnetisme omdat de vorming van magnetische clusters 
kan optreden, die kenmerken vertonen vergelijkbaar met superparamagnetische deeltjes. 
Hoofdstuk IV is gewijd aan het spinglasgedrag, die voor de eerste maal werd ontdekt in 
sterk magnetisch verdunde metallische systemen. Gelijkaardige effecten werden later 
gevonden in halfgeleiders en in isolerende magnetische oxides. Enkele spinesystemen 
worden beschreven, waarin zowel superparamagnetische magnetische clusters als 
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spinglaseigenschappen werden waargenomen.  Ook worden enkele fasediagrammen, die 
in de literatuur werden gerapporteerd, weergegeven. 
In hoofdstuk V wordt de bereidingsmethode van de materialen beschreven en worden de 
experimentele resultaten aangaande de structuureigenschappen uit röntgendiffractie op 
de bestudeerde monsters gegeven. Alle röntgendiffractiepatronen van de direct bereide, 
nagestookte en afgeschrikte monsters vertonen scherpe lijnen van de zuivere 
spinelstructuur en geen vreemde lijnen afkomstig van uitscheidingen werden 
waargenomen. De bekomen roosterparameters worden besproken in relatie met de 
ionenstralen van de betreffende kationen en hun voorkeur voor bepaalde roosterplaats. 
Hoofdstuk VI, als het belangrijkste hoofdstuk van dit werk, omvat de resultaten 
aangaande het magnetisch gedrag van de spinelreeks Mg(0.9+x)Fe2(1–x)Ni0.1TixO4 met  
x = 0.5, 0.6 en 0.7. Er is enerzijds vastgesteld dat het direct bereide monster met 
samenstelling x = 0.7 een evolutie van de spectra met de temperatuur vertoont, die 
typisch is voor een superparamagnetisch gedrag. Dit kan toegeschreven worden aan de 
aanwezigheid van magnetische clusters met uiteenlopende afmetingen. Anderzijds, 
gedragen de spectra van een monster dat drie maal een herstokingsproces heeft 
doorlopen veeleer als deze van een spinrelaxatie en vertonen tevens bij 16K een scherpe 
overgang naar een spinglastoestand. Een gelijkaardig verschil werd gevonden tussen de 
direct bereide monsters en de herstookte monsters met samenstelling x = 0.5 en 0.6. Het 
gedrag van het hyperfijnveld voor deze laatse monsters vertoont echter de aanwezigheid 
van twee transities, nl. een verandering van paramagnetisme naar ferrimagnetisme met 
een transversale relaxatie en bij lagere temperatuur een verdere overgang naar een 
transversaal spinglas, beter bekend als een “re-entrant” spinglas. Het kantelingsgedrag 
werd bepaald uit Mössbauermetingen in uitwendige magneetvelden. Hierbij werd 
vastgesteld dat alleen gekantelde momenten op de B-plaatsen voorkomen, terwijl de 
momenten op de A-plaatsen onderling parallel blijven en tegengesteld gericht zijn aan 
het netto B-moment. Uit de Mössbauermetingen en de in de literatuur gegeven 
percolatielimieten konden diverse grenswaarden in verband met samenstelling en 
temperatuur worden bekomen. Dit heeft toegelaten een volledige magnetische 
fasediagram als functie van de samenstelling op te stellen. 
De voornaamste conclusies van dit werk worden nog even kort samengevat in hoofdstuk 
VII. 
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 اﻟﺨﻼﺻﺔ
   
ﻗﺪﻣﺖ هﺬﻩ اﻷﻃﺮوﺣﺔ ﻻﺳﺘﻜﻤﺎل ﻣﺘﻄﻠﺒﺎت درﺟﺔ اﻟﺪآﺘﻮراﻩ ﻓﻲ اﻟﻔﻴﺰﻳﺎء ، وإن ﻧﺘﺎﺋﺞ هﺬﻩ اﻟﺪراﺳﺔ 
ﻟﺴﻠﺴﻠﺔ ﻣﻦ اﻟﻤﻮاد اﻟﺘﻲ ﺗﻌﺮف ﺑﺘﺮآﻴﺐ اﻟﺴﺒﻨﻞ   ﺗﺘﻌﻠﻖ ﺑﺎﻷﺑﺤﺎث اﻷﺳﺎﺳﻴﺔ ﻟﺴﻠﻮك اﻟﺒﺮم اﻟﺰﺟﺎﺟﻲ
  (. 2BA 4O) ذات اﻟﺼﻴﻐﺔ اﻟﻜﻴﻤﻴﺎﺋﻴﺔ 
   
ﺼﻒ ﻟﻨﺎ ﺑﺎﺧﺘﺼﺎر اﻟﻮﺿﻊ اﻟﺤﺎﻟﻲ ﻟﻸﺑﺤﺎث اﻟﺠﺎرﻳﺔ ﻋﻠﻰ ﻣﺎ ﻳﻌﺮف ﺗﺒﺪأ هﺬﻩ اﻷﻃﺮوﺣﺔ ﺑﻤﻘﺪﻣﺔ ﺗ    
ﺘﻔﺎﻋﻼت اﻻﻓﻴﺮوﻣﻐﻨﺎﻃﻴﺴﻴﺔ  اﻟﺑﻴﻦ ﺑﻤﺮآﺒﺎت اﻟﺴﺒﻨﻞ اﻟﻤﺨﻔﻔﺔ ﻣﻐﻨﻄﻴﺴﻴًﺎ ذات اﻟﺘﻔﺎﻋﻞ اﻟﺘﻨﺎﻓﺴﻲ 
ﻣﻊ اﻟﺘﻔﺎﻋﻼت اﻻﻓﻴﺮوﻣﻐﻨﺎﻃﻴﺴﻴﺔ ﺑﻴﻦ   BBJ او ﺛﻤﺎﻧﻴﺔ اﻷوﺟﻪ  AAJ ﻷﻳﻮﻧﺎت ﻣﻮاﻗﻊ رﺑﺎﻋﻴﺔ اﻷوﺟﻪ
  ﺘﻘﺎرﻳﺮ اﻟﺒﺤﺜﻴﺔ ﺑﺄن ﻣﺜﻞ هﺬﻩ اﻟﻤﻮاد ﻣﻦ ﻧﺎﺣﻴﺔ ﺗﺴﻠﻚ ﻣﺜﻞ ﻣﺎ ﻳﻌﺮفﺣﻴﺚ ﺗﺸﻴﺮ اﻟ. BAJ اﻟﻤﻮﻗﻌﻴﻦ
إن اﻟﻬﺪف ﻣﻦ . ﺑﺘﻜﺘﻮﻻت اﻟﺴﻮﺑﺮﺑﺎرﻣﻐﻨﻄﻴﺴﻴﺔ، وﻣﻦ ﻧﺎﺣﻴﺔ أﺧﺮى ﻓﺈن ﻟﻬﺎ ﺳﻠﻮك اﻟﺒﺮم اﻟﺰﺟﺎﺟﻲ
اﻟﺤﺎﻟﻲ هﻮ دراﺳﺔ ﺑﻌﺾ أﻧﻈﻤﺔ اﻟﺴﺒﻨﻞ اﻟﻤﺤﺪدة وذﻟﻚ ﻋﻦ ﻃﺮﻳﻖ اﺳﺘﺨﺪام ﺗﻘﻨﻴﺔ   هﺬا اﻟﺒﺤﺚ
وﻗﺪ ﺟﺎء .ﺤﺎﻟﻴﺔ ﺑﺨﺼﻮص اﻟﺴﻠﻮك اﻟﻤﻐﺘﻄﻴﺴﻲ ﻟﻤﺜﻞ هﺬﻩ اﻟﻤﻮادﻓﻬﻢ اﻟﺘﻨﺎﻗﻀﺎت اﻟ  اﻟﻤﻮﺳﺒﺎور وآﺬﻟﻚ
  :أﺑﻮاب  اﻟﺒﺤﺚ ﻓﻲ ﺳﺒﻌﺔ
   
ﻓﻲ اﻟﺠﺰء اﻷول ﻣﻦ هﺬا اﻟﺒﺎب ﺗﻢ ﺗﻨﺎول ﻧﻈﺮﻳﺔ اﻟﻤﻮﺳﺒﺎور، ﺣﻴﺚ ﺗﻢ ﺗﻔﺴﻴﺮ ﻣﺨﺘﻠﻒ  اﻟﺒﺎب اﻷول 
ﺗﻔﺎﻋﻼت ﻣﻔﺮﻃﺔ اﻟﺪﻗﺔ ، وﻗﺪ ﺗﻢ اﻟﺘﺮآﻴﺰ ﻋﻠﻰ ﺗﺄﺛﻴﺮ اﻟﻤﺠﺎل اﻟﻤﻐﻨﻄﻴﺴﻲ اﻟﺨﺎرﺟﻲ ﻋﻠﻰ ﻃﻴﻒ 
اﻟﺠﺰء اﻟﺜﺎﻧﻲ ﻣﻦ هﺬا اﻟﺒﺎب ﺗﻢ ﺗﻨﺎول آﻞ ﻣﺎ ﻳﺨﺺ اﻷﺟﻬﺰة اﻟﺘﻲ ﻳﺘﻜﻮن ﻣﻨﻬﺎ  أﻣﺎ ﻓﻲ , راﻟﻤﻮﺳﺒﺎو
  .ﻣﻄﻴﺎف اﻟﻤﻮﺳﺒﺎور، وآﺬﻟﻚ ﻃﺮﻳﻘﺔ ﺗﺤﻠﻴﻞ اﻟﻨﺘﺎﺋﺞ اﻟﻤﺘﺤﺼﻞ ﻋﻠﻴﻬﺎ
   
ﺑﺎﻷﺿﺎﻓﺔ إﻟﻰ اﻟﺘﺮآﻴﺒﺔ . ﻓﻲ هﺬا اﻟﺒﺎب ﺗﻢ وﺻﻒ ﺧﻮاص اﻟﺘﺮآﻴﺐ ﻟﻤﺮآﺒﺎت اﻟﺴﺒﻨﻞ :  اﻟﺒﺎب اﻟﺜﺎﻧﻲ
اهﺮ اﻷﺧﺮىﺎﻟﻤﻌﺮوﻓﺔ، ﻣﺜﻞ أﻓﻀﻠﻴﺔ اﻟﻤﻮاﻗﻊ ﻟﻸﻳﻮﻧﺎت اﻷﻧﺘﻘﺎﻟﻴﺔ، اﻟﺒﻠﻮرﻳﺔ ﻓﻘﺪ ﺗﻢ ﺗﻔﺴﻴﺮ ﺑﻌﺾ اﻟﻈﻮ
  (.. B) وﺛﻤﺎﻧﻲ اﻷوﺟﻪ ( A) وآﺬﻟﻚ ﻧﺘﺎﺋﺞ ﺗﻮزﻳﻊ اﻷﻳﻮﻧﺎت اﻟﻤﻮﺟﺒﺔ ﻣﺎ ﺑﻴﻦ رﺑﺎﻋﻲ اﻷوﺟﻪ 
   
أﻧﻪ  ﻓﻲ هﺬا اﻟﺒﺎب ﺗﻢ ﺗﻨﺎول ﺧﻮاص ﻣﺮآﺒﺎت اﻟﺴﺒﻨﻞ ﺑﺼﻮرة أﺷﻤﻞ، ﺣﻴﺚ ﺗﻢ ﺗﻮﺿﻴﺢ :  اﻟﺒﺎب اﻟﺜﺎﻟﺚ
 ،ﻓﺈﻧﻪ ﺗﺘﻮاﺟﺪ اﻟﺘﺮآﻴﺒﺔ اﻟﻤﻐﻨﻄﻴﺴﻴﺔ ﻣﻊ ﻣﻴﻼن ﻴﺔ ﻓﻲ ﻣﺜﻞ هﺬﻩ اﻟﻤﺮآﺒﺎت اﻟﻔﺮﻳﻤﻐﻨﻄﻴﺴ ﺑﺎﻷﺿﺎﻓﺔ إﻟﻰ
وﻗﺪ ﺗﻢ ﻟﻔﺖ اﻷﻧﺘﺒﺎﻩ آﺬﻟﻚ إﻟﻰ . ﻓﻲ اﻟﻌﺰوم، أو ﺣﺘﻰ اﻟﺘﺮآﻴﺒﺔ اﻟﻌﺸﻮاﺋﻴﺔ ﻣﻊ ﻣﻴﻼن ﻣﻮﺿﻌﻲ  ﻣﻨﺘﻈﻢ
ﻣﻔﻬﻮم اﻟﺴﻮﺑﺮﺑﺎرﻣﻐﻨﻄﻴﺴﻴﺔوذﻟﻚ ﻹﻣﻜﺎﻧﻴﺔ ﻇﻬﻮر ﺗﻜﺘﻮﻻت ﻣﻐﻨﻄﻴﺴﻴﺔ ﻣﻮﺿﺤﺔ ﺑﻌﺾ اﻟﺴﻠﻮك 
  (.ﻧﺎﻧﻮﻣﻴﺘﺮ01-1)ﻣﻐﻨﻄﻴﺴﻴﺔ اﻟﺼﻐﻴﺮة ﻟﺠﺴﻴﻤﺎت اﻟﺴﻮﺑﺮﺑﺎ  اﻟﻤﺸﺎﺑﻪ
   
ﺗﻢ ﺗﺨﺼﻴﺺ هﺬا اﻟﺒﺎب ﻟﺪراﺳﺔ ﺳﻠﻮك اﻟﺒﺮم اﻟﺰﺟﺎﺟﻲ واﻟﺘﻲ ﺗﻢ أآﺘﺸﺎﻓﻬﺎ أوًﻻ ﻓﻲ :  اﻟﺒﺎب اﻟﺮاﺑﻊ
وإن ﺗﺄﺛﻴﺮات ﻣﺸﺎﺑﻬﺔ ﺗﻢ أآﺘﺸﺎﻓﻬﺎ ﻣﺆﺧﺮًا ﻓﻲ أﺷﺒﺎﻩ . اﻷﻧﻈﻤﺔ اﻟﻤﻌﺪﻧﻴﺔ ﻋﺎﻟﻴﺔ اﻟﺘﺨﻔﻴﻒ اﻟﻤﻐﻨﻄﻴﺴﻲ
ﺬﻟﻚ ﺗﻢ وﺻﻒ ﺑﻌﺾ أﻧﻈﻤﺔ اﻟﺴﺒﻨﻞ اﻟﺘﻲ ﺷﻮهﺪ آ. اﻟﻤﻮﺻﻼت ، واﻷآﺎﺳﻴﺪ اﻟﻤﻐﻨﻄﻴﺴﻴﺔ اﻟﻤﻌﺰوﻟﺔ
  - ٤١١ -
 
 
وﻗﺪ ﺗﻢ . ﻓﻴﻬﺎ ﺗﺮاآﻤﺎت ﻣﻐﻨﻄﻴﺴﻴﺔ ﻣﻦ اﻟﺴﻮﺑﺮﺑﺎرﻣﻐﻨﻄﻴﺴﻴﺔ، ﺑﺎﻹﺿﺎﻓﺔ إﻟﻰ ﺧﻮاص اﻟﺒﺮم اﻟﺰﺟﺎﺟﻲ
 . ﺗﻮﺿﻴﺢ ﺑﻌﺾ أﺷﻜﺎل اﻟﻄﻮر اﻟﺘﻲ وردت ﻓﻲ اﻟﻤﻨﺸﻮرات
   
ﻓﻲ هﺬ اﻟﺒﺎب ﺗﻢ اﻟﺘﻄﺮق إﻟﻰ ﺗﺤﻀﻴﺮ اﻟﻌﻴﻨﺎت ، وﻗﺪ ﺗﻢ ﻋﺮض اﻟﻨﺘﺎﺋﺞ اﻟﺘﺠﺮﻳﺒﻴﺔ : اﻟﺒﺎب اﻟﺨﺎﻣﺲ
, ذات اﻟﻌﻼﻗﺔ ﺑﺎﻟﺨﻮاص اﻟﺘﺮآﻴﺒﻴﺔ اﻟﻤﺘﺤﺼﻞ ﻋﻠﻴﻬﺎ ﻋﻦ ﻃﺮﻳﻖ أﺷﻌﺔ اﻟﺤﻴﻮد اﻟﺴﻴﻨﻴﺔ ﻟﻬﺬﻩ اﻟﻌﻴﻨﺎت
وإن ﻧﺘﺎﺋﺞ أﺷﻌﺔ اﻟﺤﻴﻮد اﻟﺴﻴﻨﻴﺔ ﻟﻠﻌﻴﻨﺔ اﻟﻤﺒﺪأﻳﺔ ﻗﺒﻞ اﻟﺘﺴﺨﻴﻦ ، واﻟﻌﻴﻨﺔ ﺑﻌﺪ اﻟﻤﻌﺎﻟﺠﺔ اﻟﺤﺮارﻳﺔ، 
ﺟﻤﻴﻊ هﺬﻩ اﻟﻌﻴﻨﺎت أﻇﻬﺮت ﺧﻄﻮط ﺣﺎدة واﻟﺘﻲ ﺗﻤﺜﻞ ( ﺗﺒﺮﻳﺪ اﻟﻤﻔﺎﺟﺊ )ﺔ اﻟﺘﻲ ﺗﻢ أﺧﻤﺎدهﺎ واﻟﻌﻴﻨ
وﻗﺪ ﺗﻢ ﻣﻨﺎﻗﺸﺔ ﻣﻌﺎﻣﻼت اﻟﺸﺒﻴﻜﺔ . ﻣﺮآﺐ اﻟﺴﺒﻨﻞ اﻟﻨﻘﻲ وﻻوﺟﻮد ﻟﺨﻄﻮط ﻏﺮﻳﺒﺔ ﻧﺘﻴﺠﺔ اﻟﻔﺼﻞ
  .ﺑﺎﻟﻨﺴﺒﺔ ﻷﻧﺼﺎف اﻷﻗﻄﺎر اﻷﻳﻮﻧﻴﺔ ذات اﻟﺼﻠﺔ ﺑﻬﺬﻩ اﻟﺪراﺳﺔ وﻣﻮاﻗﻌﻬﺎ اﻟﻤﻔﻀﻠﺔ
   
ﺟﻤﻴﻊ اﻟﻨﺘﺎﺋﺞ اﻟﺘﻲ ﺗﺨﺺ  اﻷهﻢ ﻓﻲ هﺬﻩ اﻟﺪراﺳﺔ ، ﺣﻴﺚ ﻳﺸﻤﻞ  ﺬا اﻟﺒﺎب ﻳﻌﺪ ه: اﻟﺒﺎب اﻟﺴﺎدس
 7.0,6.0,5.0 = xﺣﻴﺚ  (  4OxiT1.0iN)x-1(2eF)x+9.(gM)   اﻟﺴﻠﻮك اﻟﻤﻐﻨﻄﻴﺴﻲ ﻟﺴﻠﺴﻠﺔ اﻟﺴﺒﻨﻞ
 ﻣﻦ ﻧﺎﺣﻴﺔ ﻓﺈن ﻧﺘﺎﺋﺞ اﻟﻤﻮﺳﺒﺎور ﻟﻠﻌﻴﻨﺔ اﻟﻤﺒﺪأﻳﺔ . واﻟﻤﺘﺤﺼﻞ ﻋﻠﻴﻬﺎ ﺑﺎﺳﺘﺨﺪام ﺗﻘﻨﻴﺔ اﻟﻤﻮﺳﺒﺎور
ﻟﻄﻴﻒ ﺑﺪرﺟﺔ اﻟﺤﺮارة، وهﺬا ﻳﻤﺜﻞ ﺳﻠﻮك اﻟﺴﻮﺑﺮﺑﺎرﻣﻐﻨﻄﻴﺴﻴﺔ، واﻟﺬي ا ﺗﻈﻬﺮ ﻧﻤﻮًا( 7.0 = x)
إﻋﺎدة   ﻣﻦ ﻧﺎﺣﻴﺔ أﺧﺮى ﻋﻨﺪ. ﻳﻤﻜﻦ أن ﻳﻌﺰى إﻟﻰ وﺟﻮد ﺗﻜﺜﻼت ﻣﻐﻨﻄﻴﺴﻴﺔ ﻣﺨﺘﻠﻔﺔ اﻷﺣﺠﺎم
اﻟﺘﺴﺨﻴﻦ ﻟﺜﻼﺛﺔ ﻣﺮات ، ﻓﺈن ﻃﻴﻒ اﻟﻤﻮﺳﺒﺎور ﻳﻌﻜﺲ ﺑﻮﺿﻮح أﺳﺘﺮﺧﺎء اﻟﺒﺮم اﻷﻳﻮﻧﻲ وﺷﻮهﺪ 
ﻓﻲ   وإن ﻧﻔﺲ اﻻﺧﺘﻼف. آﻠﻔﻦ إﻟﻰ اﻟﺒﺮم اﻟﺰﺟﺎﺟﻲ 61اﻧﺘﻘﺎل ﻣﻐﻨﻄﻴﺴﻲ ﺣﺎد ﻋﻨﺪ درﺟﺔ ﺣﺮارة 
،و   5.0 = x)اﻟﺴﻠﻮك اﻟﻤﻐﻨﻄﻴﺴﻲ ﺑﻴﻦ اﻟﻌﻴﻨﺔ اﻟﺒﺪأﻳﺔ واﻟﻌﻴﻨﺎت اﻟﺘﻲ ﺗﻢ إﻋﺎدة ﺗﺴﺨﻴﻨﻬﺎ ﻓﻲ اﻟﻤﺮآﺒﺎت 
وﻋﻠﻰ آﻞ ﻓﺈن ﻣﺠﺎل ﻣﻔﺮط اﻟﺪﻗﺔ ﻣﻊ درﺟﺔ اﻟﺤﺮارة ﻟﻬﺬﻩ اﻟﻤﺮآﺒﺎت ﺑﻴﻨﺖ ﺑﻮﺿﻮح ( . 6.0 = x
. اﺳﺘﺮﺧﺎء ﻣﺴﺘﻌﺮض  ﻨﻄﻴﺴﻴﺔ إﻟﻰ اﻟﻔﺮﻳﻤﻐﻨﻄﻴﺴﻴﺔ ﻣﻊﺑﻤﻌﻨﻰ ﺗﻐﻴﺮ ﻣﻦ ﻧﻈﺎم اﻟﺒﺎراﻣﻐ اﻧﺘﻘﺎﻟﻴﻴﻦ 
ﻳﻌﺮف ﺑﺎﺳﻢ   واﻟﺬي.وﻋﻨﺪ درﺟﺎت ﺣﺮارة ﻣﻨﺨﻔﻀﺔ ﻳﺤﺪث ﺗﺤﻮل أآﺜﺮ ﻟﻠﺒﺮم اﻟﺰﺟﺎﺟﻲ اﻟﻤﺴﺘﻌﺮض 
ﺑﺘﺮﺗﻴﺐ ﺷﺒﻪ اﻟﺒﺮم اﻟﺰﺟﺎﺟﻲ وﻗﺪ ﺗﻢ ﺗﻌﻴﻴﻦ ﺳﻠﻮك اﻟﻤﻴﻼن ﻣﻦ ﺧﻼل ﻗﻴﺎس اﻟﻤﺠﺎل اﻟﺨﺎرﺟﻲ، ﺣﻴﺚ 
ﻋﺰوم ﺗﺒﻘﻰ   A، ﺑﻴﻨﻤﺎ ﻣﻮﻗﻊ  Bﻋﻠﻰ ﻣﻮﻗﻊ وﺟﺪ إن هﺬﻩ اﻟﻤﻮاد ﻟﻬﺎ ﻋﺰوم ﻣﻐﻨﻄﻴﺴﻴﺔ ﻣﻨﺤﺮﻓﺔ ﻓﻘﻂ 
ﻣﻦ ﺧﻼل ﻧﺘﺎﺋﺞ اﻟﻤﻮﺳﺒﺎور وﺑﻌﺾ اﻟﻤﻨﺸﻮرات .  Bوﻣﻌﺎآﺴﺔ ﻟﻤﺤﺼﻠﺔ ﻋﺰوم اﻟﻤﻮﻗﻊ   ﻣﺘﻮازﻳﺔ
اﻟﺘﻲ ﺗﺰودﻧﺎ ﺑﻌﺘﺒﺎت اﻟﺘﺮآﻴﺰ اﻟﺤﺮﺟﺔ ، واﻟﻘﻴﻢ اﻟﺤﺪودﻳﺔ ﻟﻠﻤﺮآﺒﺎت وآﺬﻟﻚ درﺟﺎت ﺣﺮارة اﻻﻧﺘﻘﺎل 
  .آﻴﺰﺗﻤﻜﻨﺎ ﻣﻦ رﺳﻢ ﻣﺘﻜﺎﻣﻞ ﻟﺸﻜﻞ اﻟﻄﻮر اﻟﻤﻐﻨﻄﻴﺴﻲ ﺑﺪﻻﻟﺔ اﻟﺘﺮ
   
  .أﺧﻴﺮًا ﻓﺈن اﻻﺳﺘﻨﺘﺎﺟﺎت اﻟﺮﺋﻴﺴﺔ واﻟﻬﺎﻣﺔ ﻟﻬﺬﻩ اﻟﺪراﺳﺔ ﺗﻢ ﺗﻠﺨﻴﺼﻬﺎ ﻓﻲ اﻟﺒﺎب اﻟﺴﺎﺑﻊ
 
 
